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) t a systematic descrip-

+40n of the most essential laws governing the combined motion of .a

gas and a 1liquid. As a basic subject of research, the problems con-

: sidered are: the motion of a gas-liquid mixture in pipes, bubbling,

atqmization of a 1iquid by mechanical and pnewnatic spray nozzles,
critical regimes of boiling, and several other problems.

The book is designed for scientific workers, engineers, and
students specializing in the flelds of physical-heat engineering,

power engineering, hydromechanics, chemical processes, and equipment.

<

Sumson Semenovich Kutadeladze and Mikhail Adol'fovich Styrikovich
HYDRAULICS OF GAS-LIQUID SYSTEMS
Editor: L. A, Vitman

Technical Editor: A. A. Zabrodina
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FOREWORL

The engineering r;elds in which we often must deal with the
combined motion of a gas and a 1iquid are very extensive, and their
number continues to increase. Numerous operations in power-engine-
ering, chemical, metallurgic, and other e uipment give rise to gas-
11quid mixtures, or are based on their utilizatiocir. Related to'this
type of process are: motion of vapor-1iquid mixtures in the tubes
of steam boilers and in various heat exchange equipment; motion of
gas-1iguid mixtures in gas 1ifts (air 1ifts); atomization of a
1iquid by spray nozzles; operation of various types of bubblers,
wetted-wall towers, and other eduipment directly contacting gases and
1iquids; breakup and entrainment of a 1iquid by a stream of cas, etc,

All these ahd other problems of the hydraulies of two -phase flow
have received comparatively extensive treatment only during the last
15 to 20 years, when the urgent need arose in engineering (above all
in thermal-power engineering, and the petroleum and chemizzl lu-
dustries) for a rapid and sufficiently accurate solution of the compu-
tational problems of the above-menﬁioned and other processes, and af-
ter the basic methods of their investigation had been developed.

The material now accumulatedlin this fleld is so large that we
may speak of a new broad field of hydrodynamics: the hydraulics of
two-phase flow, To a considerable or, more accurately, a major de-

gree, this field of hydrodynamics originated and develops through

P-TS-9814/V 111




the efforts of Soviet sclentists and engineers.

* puringy the last 25 years, the authors participated in the formu-
lation and development of the problem under consideration. The
prenent-book 18, to a certain extent, an account of that approach to
the investigation and the calculation of flows of gas-liquid syatems,
uhich.they deQelopec in their own works as well as in the works of
their collaborators, mainly at the Tsentral 'nyy Kotloturbdinnyy
Inatitut im. I. I. Folzunov (1. I. Polzunov Central Turbine and
Boiler Institute), at the Energeticheskly Institut im. G. M. Krzhiz-
hanovskiy AN SSSR (G. M. Krzhizhanovskiy Power Ligineering Institute
of the USSR Academy of Sciences), and at the Moskovskiy Energetiches-
kiy Institut (Moscow Power Engineering Institute).

At the same time, the authors used the material of other re-
search workers studying tre field in question (D. F. Peterson, A, A.
Armand, V. 0. Levich, S. G. Teletov, 0. M. Baldina, K. F. Poddatis,
B. D. Xatsnel'son, L. A. Vitman, and others). In addition to purely
hydraulic problems, the book also deals with several heat-transfer
problems closely assoclated with the peculiarities of motion in two-
‘phase flows. .

In this attempt to write the first monograph on the hydraulics
of gas-iiquid aystemh, the authors did not cover as fuliy as possible
all the specific solutions available at the present tim.. The bdasic
aim of the book is to formulate the problen as a whole on the basis
of a certain general method of investigation of this kind of process'
;nd an examination of a series of problens sufficiently general in
character,

The specific proble:n of motion of a gas and & liquid in porous

bodﬁes, developed in the works of L. S. lLeybenson and others, 1s not

F-TS-981&/Y . iv



cons idered here,

° The bibliography at the end of this book lists reference sources
pertaining to the topics touched upon here, as well as tz the con-
tiguous problsms we have not considered.

V. N. Moskvicheva, candidate of technical sciences, to whom the
authors express their gratitude, participated in the preparation of
the manuscript for publication. )

The authors are also grateful to the reviewer of the manuscript,
V. G. Levich, and the editor, L. A, Vitman,

The authors will be indebted to those readers who find 1t
possible to send to the Editors (ILeningrad, Marsovo Pole. 1, 1L/0
Gosenergoizdata) their advice, comments, and wishes W!.. .<zpect tO
this book.

The Authors
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FUNDAMENTAL NOTATIONS

1inear dimension

thickness

cross-sectional area of flow
surface area wetted by the flow
volums

tire

tangential stress

normal stress

pressure

‘temperature

velocity

peference velocity of heavy phase

reference velocity of light phase

"yelocity of mixture”

flow velocity of two-phase stresm ("velocity
of circulation")

"yelocity of tangential stress”

mass flow rate

heat-flux density

heat flux
density of medium

density of mediun (lensth-ti_'ne-force, system)
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» [kg-'-rorce . sec/mz]'

) ’ - -% [ma/uc]
g [ socal

¢ |kg-force ° nq

A [koal/m « degree - hr]
g [kcal/kg . degree]
2= -c-f-'— [mz,"sec]
1 [kcal/kg]

r [kcaL/kg]
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dynamic viscosity
kinematic viscosity
gravitation acceleration
surface teansion

heat conductivity
specific heat

thermal diffusivity

heat content (enthalpy)

latent heat cf changs of phase

drag coefficient

fraction of stream cross se~tinn necupied
by the light phase

relative density of mixture

volumetric flow fraction of gas in the
mixture

work

coordinates

radius and diameter
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PRIMES AND SUBSCRIPTS

1 heavy phasa 1 . layer

"  Y4ght phase or critical

w - wall sq equivalent

t turbulent m mixture

£ friction 4 ac acceleration

r relative b  boundary

0 soale quantity | n external homal
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; ' INTRODUCTION

Both in nature and engineering, in addition to flows of homogen-
eous liquids,there also exist twd-phase fiows--namely, flows of & gas
or a 1iquid carry!ng suspended solid particles, flows of a "mixture"
of a gas and a liquid, or flows of two mutually insoluble liquids.

Flows of the f!rst type are usually called flows of suspensions;
the transporiation of sclids by a gas or a liquid is called pneumatic
transport. Flows of the second kind ar¢ simply called ﬁwo-phase flows.
The basic difference between mechanisms of motion of these two kinds
of two-phase systems is that the solid particles conserve their shape
and mass in pneumatlc transport (the process of pulverization 1s an
exception) whlle the discrete elements cf the flow of a gas-liﬁuid
mixture (bubbles, drops, and films) generally change thelr shape in
motion, and cften also thei} mass, as a result of the coalescence or
breakup of separate bubbles and drops.

The hydraulics of gas-liquid systems is a branch >f the mechanics
of liquids and gases !n which the combined flow of these media 18 ex-
amined. The flows studied by the hydraulics of zas-1liquid systems
always have not only definite external bounding surfacns (;huhuel
walls, surfaces of bodles washed by the rlow), but alss internal
interfaces between the flowing med:a, generally variable in space
and time. .

Interactions of forces and, n nonisothermal flow, thermal in-
teract‘ons as well arise at interfaces. These interactions funda-
mentally affect the changes In the f1elds of flow velocitles, pressures,

temperatures, thermal and d:ffuston fluxes transferring from one point

-
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of space to another point separated from thé firstlbv an interface.
In many cases, sudden changes in the velocity rector and the pressure
develop at the phase boundary. |

A specific teature of gas-liguid mixtures is also that even when
they are composed of incompressible components they behave as & whole;
in many respects, 1lIke compressible liquids. The latter phenomenon
18 exhibited in those instances wheré the phase velocities,and, cor-
respondingly, also +he density of the mixture, change in the direétion
of flow. ‘

The types of combined gas-liquid moilon are widely different and
inelude all possible conditions--from the motion of two continucus
parallel flows interacting only along one continuous ipterf~ce to
the motion of a stream of fram in which both phases form a complex,
fine, and unstable structure. '

Thus, the types of motion in i‘wo-phase flows are considerably
more diversified and their 12ws substantially more complicated than
the types of mot%on and laws of hydrodynamics in homogeneous media.

In connection with this, the methods of a generalized analysis

" of experimental data have even greater significance in this case than
in the hydraulics of homogeneous flow. In the investigation of the
motion of a singl& bubble (drop), or of flows of a gas 4ia a liquid
with a single continuous interface (f1lms, open-channel fliow, ete.),

a fundamental system of equations can be forrulated with all neces-
sary rigor.

. However, in the most complex motion, when the flow components

are broken up into separate elements and there are a series of regions
confined by boundaries, definite difficulties arise in the formulation

of the fundamental equations, since in such cases the probability

P-T5-9814 AV 2



laws governing multielement systems begin to apply. There are at
present no coherent analytical methods for such systems, Here,
experiment and the method of similitude have a decisive Zmportance.
In this case, howevef, it 1s necessary to have a general melhod
of derivation and analysis of the dimensionless parameters of the
process, Such a general method, to which the authors adher:, amounts
to the assumption that, as a whole, all the interactions taking place
in any two-phase flow, however complex, aré described for each of its
separais zZones by the same fundamental equations as for a system
having a single interface. As a resuli, the eriteria of similitude
ean be derived from these equations for the complex system as a
whole; in additior, it is necessary to introduce the cquations or
parameters determining tne sizes of the produced discrete elements,

and determining the probability of their dispersion in space,

P-TS-9814 3



CHAFTER ONE
FUNDAMENTAL PARAMETERS AND EQUATIONS

1-1. Conditions Uniquely Defining a H drod;mamic Process
In an ?aofﬁermai ¢as-Ligu’d System

A physical process may be considzred as uniquely defined when

the following characteristics of the phenomenon are lmown:

(1) geometrical properties of the system in which the examined
process takes place;

(2) physical constants, essential to the process, of the bodies
forming the system;

(3) initial.state of the sysiem;

(4) conditions at the boundary surfaces (external boundaries) of
the system during the process.

The geometrical configuration of the space in which the gas-
1iquid system moves, as well as the initial state of ihe system
(phase distribution, character of its motlon, etc.) and the conditiuns
at the boundary surfaces, cian vary greatly in different :echnologica;
applications.

Given the whole set of conditions enumera‘ed above, the remain-
ing gas-liquid characteristics--namely, the presure drops between the
various points in the system, the time averzge of the distribution of

the ppase componen:s in space, +he character of the fluctua:ion in the

P-TS=9814 v . b




phase-distribution density, the hydrodynamic conditisns for the phase
components and for the system as a whole (laminarity, turbulence,

etc.), will te uniquely defined,

1-2. Reference Phase Velocities, True and Average
Fraction of Uas In tﬁe Stream '
If we pass some control plane through the flow of the gas-liquid
mixture (two-phase flow) perpendicular to the direction of the time-

averaged flow-velocity vector, we may write the volumetric flow rate

of the phase in question, per unit area of this cross section, as ‘

L A yoooy ‘o e ds;
. Qe . UM;‘,.\ i (1_1)

wheré \_r[m3/sec] 1s the volumetric flow rate of the given component
of the flow;
] [m2 is the cross-sectional area;

Ar[sed] is a period of time substantially greater than the
quantit_:y %, where u [sec']'] is the frequency of
passage o;‘ discrete formations of a given component
(bubbles, drops) through the cross section in
question;

![m/aec] is the actual velocity of the given component.
Thus, the quantity wj (") 1s the average flow velocity of a
phase component qt the stream and will be called the reference velo-
city of the given phase,
The quantity

(1-2)

», + 9,
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is called the volumetrip flow fraction of gas in the two-phase
stream., In reality, the r1§w o? one o? the components of the gas-
li&uid system need not, at a given instant of time, fill up the whole
cross sestion of the channel. Generally, part of the channel is oc-
cupied by the other phase, Therérore, Expression (1-1) is more

correctly written in the form of a sum of integrals:

CEE e

where i 1s the nunber of discrete formations of the phase under con-
sideration in a given section and at a given tistant cf time,

Tha ratio
‘ »

is the instantaneous value of that fraction of the section of the
stream occupicd by the gas phase, i.,e,, the true fraction of gas

in a two-mhase lﬁyer of thickness dn, where n 1is tne normal to the

surface 8 .

The true average velocity of a given component of the stream is

G-;-;.‘f-i(z J‘ -49) d, (1-5)

i.e., the true average velocities and the reference velocities of thne

phases are related by the finctions

v (1-6)
Rt < (1-7)

F-TS-9814/ - 6



The ratio of the total mass flow rate of the phases to the pro-
e

e e e A S T i -

uct of the cro3s-sectional area of the channel and the density of the

avy phase 15 usually designated as the flow velocity of ‘he two-phase
|
rtreamx o 1
| 2T 1-8
‘ s e '.+.,.' ‘ ( )

i The ratio of the reference veloclity of the gas to the flow velocity
bf the mixture 1s always within the region of finite values determined
| .

Ly the condition

| DY f1-9)
0< ® <€ =.

wh
Where %9 = 0, the stream consists of one liquid phase;

W 0!
ag.- L the stream consists of a gas phase only.

where

The average relative velocity of the gas phase 1is

v -;.-;._iq_i. (1’10)
3 [ l_"
hence
S ()W =0 (1-11)

Solving this equation for e, and taking into account that when

Wy =0, ¢ =0, we obtains

RETET MY/ LA A (1-12)
= V=T

F-TS-9814/V 7
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i" " When fg -0, we haves

i . ".4‘.;

=.

! o

' The quantity e = gé + ua 1; usually designated as the velocity
of the mixture.

Thus, at zero relative phase veloclity, the true and volumetric
flow fractions of zas in the stream are equal. ‘

when the relative gas velocity 1is positive, the true fraction ¢
of gas in the stream 1s smaller than the flow fraction of gas #$ .

The inequality of the averaged phase velceities is sometimes
called "slip" of the gas flow relative to the 1iquid flow. As will be
‘shown 1n the following chapters, this "s1ip" changes the energ’ losses
in the gas-liquid system, as compared to the case where the relative

phase velocity is zero.

1-3. Average Density of the Mixture

The weight of the mixture is

0, =YV +7V.

Introducing the concept of average specific gravity of the mix-
ture, we haves

- .- .
L

hence

Ta=(1-9)v +91

F-TS-9814/V 8



) L=r-G-7)7 (1'13")
' ' i
L )
} The relative density of the mixture 1is

1-4. Fundamental Dimensionless Parameters of a Two-Phase Flow

Setting aside a more detailed concept uf the character of the
phase intersction, we may enumerate s scries of physical quantities
which defrinitely influence the hydrodynamic process in gas-liquid
systems. These values are given in Table 1l-1.

Table 1-1 cgntams nine dimensional variables composed of three
primary dimensions (kg, m, and sec). According to the well-known
‘theorem of dimensional analysis, the greatest necessary number of
dimensionless groups that can be composed from these quantities is

1=9-3=6.

mnese groups are glven in Table 1-2.

By combining the criteria given in Table 1-2, we may obtaln a

series of new, mcre specianzed groups, such as +he Archimedes

oriterion

& L5 (F 503

F-TS-9814,V 9
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H

iwhich characterizes the ratio of the buoyant (Archimedea)force acting
on a given element of the atream(such as a gas bubble rising in a '
motionless liquid) to the drag generated by the viscosity cf the medivm
surrounding this elemznt.

Correspondingly, the group

2 1
o

may be ccnsidered to be a measure of the interaction between buoyancy

and inertia.

1-5., Fundamental Equations of Hydrodynamics

Even very small 1iquid drops and gzs bubbles which are components
of some gas-1iquid system contain such a great number of molecules that

such static concepts as pressure, temperature, viscoiity, etc., may be

3

mm) in

diameter;at p =1 atm, abs. and t = 0° C, contains 1.4 ° 107 molecules.

applied to them. . Thus, a gas bubble 1 micron (1i.e., 10

.Under normal conditions, gas bubbles about 1 mm in diameter contain
about 1016 molecules,

On this basis, we may consider that for practical purposes the
motion of the medium within any region cf a gas-liquid s c.em 1s
determined by the ordinary equations cf hydrodynamics-- namely, by
phe equation of motion and the equation of continuity. As we know,

in vector notation these equations have the form:

P-TS-9814 'V 10



e
ihere ’
»
p
' §

4

l
!
|
i
I
|
|
|
|
n

7'-0‘0 + r(v':-f -:-lngl div ") -

w CRaC L
-2- +div (,;)-o; (1-15).

is the density of the medium;

is the viscosity of the medium;

is the pressure;

is the true (actual) flow velocity of the medium;

is the time,

following form:

In the case of an incompressible liquid, when # = const, the

equations of motion and of continuity are simplified and take the

-vtr + 005 [ 32 4 (5. 03] (1-16)
ave=0. (1'17)

The equation for heat transfer within the given phase region,

\when the flow velocities are small enough to justify disregarding the

kinetic energy of the stream as compared to its heat cor.eiit, has the

.forms

Translator s note:

A=y [:—: +(®. gnnd ‘)]- (1-18)

There 1s a quantity omitted in the original

‘under ‘the arrow in the first line of this equation.

F-TS-98 14/\/
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Table 1-1. Physical Quantities Determining the Hydrauilc Process
in Isothermal Gaa-Liquid Systems
Character of
Nr Quantity Symbol | Dimensions | physical effect
1 | Volumetric flow rate gé' m3 Determines the
of heavy phase per - order of the true
unit cross-sectional m- ¢ mec velocities of the
area of the stream of elements in the
the mixture heavy phase
2 | volumetric flow rate wo m3 Determines the
of light phase per - ocrdcer of the true
unit cross-sectiorzl m- ¢ sec velocities of the
awez of the stream of elements in the
the mixture light phase
3 | Density of the heavy ’ . 2 Specific gravity
phase 55——3532— of the heavy phase
m
4 | Density of the light ” 2 Specific gravity
phase kg =86 | of the light phase
m
5 | viscosity of the heavy . kg * sec Characterizes
phase mE molecular friction
(viscosity) in the
elements of the
heavy phase
6 | viscosity of the light| " kg - sec Characterizes
- | phase : - molecular friction
in the elements of
the light phase
7 | Surface tension at . kg - m Characterizes the
the phase boundary m work expendad or
changing surface
of the phase
boundury
8 | Acceleration created g m Characterizes the
* | by the gravitational aecz effect of gravity
field on the stream
9 | Linear dimension of 1 m Characterizes the
the system (for a spatial scale of
given configuration) the hydrodynamic
processes under
consideration
P-T8-9814/V 12



Table 1-2. Dimensionless Groups Determining the Hydrouynamic

Process in the Two-Phase Flow

Nr, Group

W
i R

Physical significance of group

Describes the volumetric flow ratio of
phasec in the ratio.

Describes the hydrodynamlc conditions in the
the given phase (laminarity, turbulence).

Here 2
y» = -'— [L] M
o . |sec

In order to describe the flow conditions in
the two phases the following n2irs of
quantities must he given, all cther condi-
tions being equal:

wpl ¥l ¥ 1 ol
—T: - CI "_'x ’ —'l' or - ";r .
The latter two pairs are equivalent U
first as long as the ratio gS/w' or 8
given. 20

pescribes the ratio of the phase densitles
and the assoclated ratilo of the inertial and
volumetric forces applled to these phases.

Descrihes surface tension and gravity. As
follows from the Laplace ¢-;uation, a physi-
cally more accurate rnotation 1s

-_—

8-’
Describes the rutio of inertial forces and

2
n
gravity in the strean. when % or g 1is

w ]
2 2 -0
glven, knowing Y0 or =0 1s enough.
8L &l

P-TS-9314 A
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Here A{ k:zl ] i1s the heat conductivity of tue medium;

. c [E?k'?'a%!e'g'] 13 the specific heat;
t{°%] 1s the temperature.
The quantity a = =5 18 called the thermal diffusivity and
describes the time rate ot' change of the temperature of a given
element of the medium, or the temperature gradient along the path

the element travels,

1-6. Mechanical Interaction of the Phases at Boundaries

In order to combine the equations of motion writter ‘r 2-irs for

each of the phase regions of the gas-liquid system under study, con-
ditions must be given which relate the pressure and velocity fields
of the two phases at the interface.

Let us singlé out, by means of a control surface F, the boﬁnded
region ¥ which includes a part of the interface (Pig. 1-1). To the
surface F are apblied normal stresses en and tangential stresses
T pe The condition for dynamic equilidbrium in the region under
study will take the form:

-- - - Pl
[Tov+gaers g -, (1-19)

where M1s the mass in the volume V;

-

dw
TT 13 the acceleration of the center of gravity of this

volume,

P-T3-9S14/V 14



On the other hand..

R e e e ey

:

§oar-jour + yolly

‘:;"“F:"iyfalﬂﬁ

'Y

here, as before, the single prime refers to the liquid phase, and
ithe double prime to the gaseous phase,
When the volumc of region.!
approaches zero as surface F is

1 . drawi: toward the interf{ace gb
‘ ,f';"t ‘

< 4 bounded by the region unier study,

} the mass forces and uvie iaectial
.
gure 1-1, Deprivation 3¢ the -
conditions of phase inter- term of Equation (1-19) vantsh.
| action at the boundary. On the other hand, normal and
|
i

tangential stresses, being perpendicular to each other, will not bal-

1

:ance. consequently, the condition for dynamic equilibrium at the phase

boundary 1s resolved into two 2quations:

' . zq:'.‘ -ti (1-21)
? & =

Thus, the forces which the components of the gas-11quid system
exer: against each other are equal in magnitude and oprosite in direc-
tion,

If we place a reétangular system of coordinates on the interface'
{n such a war that the plane 1s tangent to the interfaze at the given
‘point, and the ; axis 1s ra:mal to the surface, we will have, accord-

{ng to the familiar eq .a-lo:s of hydrolyrramies:

F-TS-9814, 'V 15




% - &
‘-_.,- e 4 + -'—'dW' + 29—&" H

Y.n "‘(";‘ +32); : (1-22)

w2

when the phases do not slip relative to each other where they are
in contact along the interfaces, the projections of the velocity vec-

tors or the xz plene (which 18 tangent to the interface) are equal:

s "o (1-23)

The velocity componencs dn the phase boundary which are normal
to the xz plane are determined by the mass rate of change of phase

Bn and by the specific gravity of the corresponding phase:

|¢-utf%: ' |
(1-24)

-- _&.
-, :F‘,

The mass rate of change of phase 1s expressed in kg/sec per m? of
interface. Consequently, in the absence of change of phaae (g“ = 0)
at the interface, the tangential components of the phas: veloczty
vectors, as well as the vectors themselves, coincide in magnitude as
well as in direction. when there 1s a change of phuse, the phase-
yelo-ity vectors on the boundary are not equal, owing to the ap-
pearance of a flow of material across the jn-erface and owing 0 <he
inequality of the specific gravities of the phases,

when a change of phase 18 presenc, +he inequality of quantities

)

P-TS-9814N 16




wa and w" results in a change in the momentum of the stream of
material 5n as it paases through the lnterface. A3 we ¥now, the
change in momentum of the per-second flow rate of material causes the
appearance of force of reaction gxerted against the above-mentioned
eross section of the gystem, In the given instance a foirce appears

which is normal to tke interface and is equal to
r~Lw,-u). (1-25)
Taking into account (1-24), we obtair:
’- g(l - 1'-) (1-26)
The mass rate of change of phase 1is

'.- k

r°

where 9 is the density of the heat flux absorbed in the change

of phase per n2 of interface;

keal .
r [}EE;] 4s the latent heat of change of phase,

Substituting this value of €y into (1-26), we obtaln:

e -5 ()

Using the latter equation, it is easily shcwn that the reaction
resulting from the change in flow velocity as the stream of material

passes through the interface, 1s very small in ordinary engineering

F-TS-9514/V 17



problems, Thus, for example, with.a water évaporaticn rate corres-
ponding to a heat-flux density on the interface of 1,000,000

kcdl/h?-hr and atmospheric pressure we have:

r = 539 kecal/kg; " = 0.58 kg/h3; v = 953 kg/h3

Pp = JET - OU.5C ° (3'50'522_53'9') (1 - g%g—) = O.MS-kg-rorce/ma.
At a heat flux density of 100,000 kcal/haohr, we have, for the seme

medium, the quantity = 0.00045 kg-force m?.
Py

1-7. Pressure Jump at the Phase Boundary

The molecules of the 1iquid at 1ts boundary with 2 was, 2 solid
body, or another 14quid are in the field of force of both the given
1iquid and the molecules of the other medium. As 2 result of this,
the force exerted by the surrounding molecules on 2 molecule of the
surface iayer is asymmetrical, the consequence being the appearance
of a force directed toward the denser medium (Fig. 1-2). The ef-
fective radius of a molecule is
very small; the force of molecular
interaction 1is reduced by three

orders of magnitude 18 “he Ai8-

tance is changed frum one to two

gtggg: i;?ingbi:gﬁaxoggcigz effective molecular diame:ers. In
:i:gig :ﬁg iﬁt§§§°§u8§r§?§1a1 connection with this, the boundery
) layer. layer has a thiclkness of the order

of only two molecular dizmeters, i.e,, less than 10'7|cm. The mole-

cules on the surface layer have available free energy and, consequently,
the change in the interface 18 accompanied by an energy effect. Since

a system is at stzble equitibrium when ¢he free energy is minimum,

P-TS-9814/V 18




the free surface of a 1iquid will be reduzed to a minimum. As a
consequence of thls, a 11quid vwhich is not subjected to 2 unilateral

force will take the shape of a sphere.

e work required to increase the interface by one unit area is

called surface tension:

-, (1-28)

The curvature of the interface causes the appearance of a pressure

Jump defined by the Laplace formula:

K F = (a+x) (1-25)

where ‘[ks-fOPce'm] is the surface tension at the phase boundary;
(4
m

Ry» Bs[m] are the principsl radil of curvature of the in-
terface at a given point.
The radi! of curvature are considered positive 1f they are direct-
ed into the first phase. For a sphere, 31 = 52 = R; consequently,
the pressure in 2 gas bubble exceeds the pressure. in the gr-rounding

11quid by the quiantity

V- (1-30)

Another important surface tension effect is the fact that satu-
ration pressure also depends on the curvature of the interface. Accord-

ing to the Kelvin formulz, the change 1n saturation pressure, with

P-TS-9814,'V ' 19



reference to the pressure above the plane at a glven temperature, 1s

el a3

1-8. Thermal Interaction of the Phases at Thelr Boundary

Iet us formulate the heat balance of the above-considered volume

v, which includes the interface:

o .
-@lzdl'+§h.,df‘-5q%‘v; (1-32)
here kcal 1s the heat conductivity of the medium;

m-degree ‘hr
i [ keal ] {s the enthalpy of the medium;

e

3 [ keal ] 1s the specli'ic heat of the medium;

kg -degree

t [ °c ] 1s the temperature;

n [m ] i{s the external normzl to the surface.

Taking into account the direction of the heat-flux vector due to
conduction and the direction of the enthalpy-flux vector with respect
to the control surface F on both sides of the phase boundary (Fig.

1-1), we may revrite Equation (1-32) in the following form:

)
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| § (‘."%“""'-)" -
- J (—x'% + l'(-;)df - 5 adav.

When there is : change of phase it follows from the condition
of conservation of mass that on the interface

Yo-rw—L (1-3)

Reducing the volume V to zero by drawing the control surface F

toward the interface F,, we obtain

_‘.(%l arg,—A* (%). (1-35)

where r = _1_" - y[‘_‘%.l.-' 1s the latent heat of change of phase.
In the absence of a temperature jump it follows that

0=t (1-36)

1-9. uation of Averaged One-Dimensional Motion
ot a Oas-Liquld Yixture in a Clrcular Tube

let us consider a motion, averaged over the cross section, of a

gas-1iquid mixture in a tube whose axls we will take as the x axis

'(P1z. 1-3).
E The resultant of gravity and pressure which are exerted on the
ivolume dV = l_!a_d_§ 1s equal to the change in momentum of the per-

'second flow rate of material in seation dx:
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& K“?)" + o' sRx— !‘E R da—s -
] o ...:‘..|(a'+aa')(;'+,;’)+ (1-37)
+(0° + 40C) (& + #97) —Ow-C¥].

Here, ¢ {s the istantaneous true fractlon of gas in the

’

volume V of mixture;

r'»' =Py
W l-ﬁLé;2£P are the tangential stresses at the tube wall;
m
g [5%%— is the per-second t'low rate of the medium;

is the average velocity of the medium; and

411—-1 1s the proJjection of the vector g on the x-axls;
] 1s the radius cf the tube. -

(=

(L 3

— '-—‘m m—
[1:3
0‘5 2]

o e
4 *lr. i+Ti-l

i [
o — P ol e
L | di. w4 . ia

Figure 1-3, Diagram of a twc-phase flow in a tube.

The per-second flow rates of the phases are relatet to the true

fraction of zas in the mixture and the average velocitles, by the

equations:

O =(1—y) Yo'eR?; (1-38)
0’ =e1"w"sR",
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The phase velocities averaged throughout the tube cross sectlon
are functions of time and the x=cocrdinate; i.e., from the definition

of a total differential,

5-§£+§a. (1~39)

Removing the paientheses in the right-hand member of Equation
(1-37) and disregarding the quantities of fl'te second order of small-
ness, w2 cbtain: | ' ' v

& lr—0'—0) el %f L=

[
U (@ pods® | =, 4G =, 80" (1-40)

When there 1s a change in the state of aggrega*ion,the amount of

vapor formed is equal to the amount of 1liquid evaporated, 1i.e.,

a° 40" 4G,
-T-T-_‘l_. (1-"1)

It follows from (1-39) that

S & &
e n &’ i

ol

v & {1-42)
v r

Substituting into (1-40) the values G and S‘{ from (1-38) and
(1-42), we obtain:

& -0'—")e)- % - ’—'.'- -(l—v)"(-?.- +v -f-) +
18 =0\ T-F &
"'".\T"' -;-)+ -l - (1-43)
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The continuity equation of the average flow of the gas-liquid

mixture takes the Torm:

Ly -+ g -0 L e &) =0, (1-44)

which we can easil, prove by formulating the material balance for
the volume V.
The total charge in the amount of the given phase in the section

dx 1s'equa1 to

& » é U \
07 = gRde |- (w) + 5 (we)) (1-45)

Thus, the hydraulic eguation of motion for a stream of gar-~

1iquid mixture in a tube will finally take the form:

’ ’ w ’ ‘ = "
ny-0-rl -2 -t - - (F+7E) s
— - A = 3 1
(S +#5)+ E-P Lo+ Lww)]

The last term of this equation is the Meshcherskiy forere of re-
action which arises during a change in the state of aggregation of a
gas-1liquid sy-~tem whose relative average phase flow velccity is dif-
ferent from zero; i.e,, this term is the resultant of the reaction
Ekl [see Formula (1-25)] acting on the interfaces included in a unit
volume of the mixture.

If the phases can be considered incompressible, i.,e,, if it is

assumed that ' = const and " = const, then, turning to the reference

velocities, we obtain hydraulic equations of motion and continuity for
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e

the mixture 1n the following form'
g/[‘- LH - l'.x...
-f(%“:+|-'_3_;—' )+,("° r %‘1)+
NERCPENIRE)

9,

w323 8) (1-t65)

i
i
|
!

e -9

(t—-},'-)-g-—%—!'-f-- e Y (1-47)

In the absence of a change of phase, uil' = 43" = 0, and the equation

of continuity (1-47) resolves into two independeni equations:

— —ep——

{E T A

=& (1-48)

slr *l®
+

In agreement with this, the last term of Equatioa (1-46) vanishes

as well, i.e., the hydraulic equation of motisn of the gas-liquid mix.

ture in the absenbe of evaporation or condensation talces the forms

u[l-l-v] 1——-0 -)r(‘-'—'-+n‘-'-)+' (1-49)

= h‘
o

For incompressible components, and in the absence of change of

phase, we obtain the following system of equations in terms of refer--

ence velocities:

i
!
]
I
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m'[l“(l"-’;)]'!z"h"'('!.i \.;w ‘-)+
. wFAE - o
(3]

g

2+ .:‘ -t (1-51)
b. dw,

wte o

1-10. Heat Balance Equation for the Flow
or a Jas-Liquld MIxture In a Tube

Figure 1-4 shows a diagram of
the heat fluxes entering an elemen-
tary volume of mixture dV = tgagg.

The amount of heat flowing in

through the surface of the tube

Figure 1-4, Diagram showing is
heat transfer in an element

of a two-phase stream, Q. = ¢, 2xR4x, (1-52)
where g 5551 is the heat-flux density relative o the inner

m~hr
surface of the tube,

The change in the heat flux by conduction through the gaseous

and 1liquid phases in the direction of the axis 1is
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Sy

here, m' and m" are the numbers of discrete phase elements in the

(1-53)

given cross section @ .
Introducing phiise temperatures avernge& in scme way over the
cross scation, we rewrite (1-53) in the following form:

. , ¥ _ .
8. %[-x -0 ,%]-lr. (1-54)

1f the quantity t in (1-53) and (1-54) stands for the temperature
averaged over the fluctuatlon period, then A 1s the sum of the molec-
ular and turbulent heat conductivities. The difference ﬂ--%dt
is equal to the sum of the time change ir the enthalpy of the volume

of mixture dV, and of the enttalpy flux along the x-axis, i.e.,

L _%.. R (0-917 + e + |

-_ .= 1-
+ ;‘; l0-enie+ o i'd'll . (1-55)

0,
Substituting into (1-55) the values 4q_ and O'T from (1-52) and

(1-51$) we obtains

&wnn» 4w9¥-mlﬂn+wd+

(1-56)
+(1"—‘-~~A'—‘7 }:— +:J-' [(1-9) 77w+ 0" i‘w].
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In the case of thorough phase mix,ng, when the tempe;a:ure_fﬁi'oix—gh-
out the cross section can be considered equalized (£’ « §" = §)e Equa-

tion (1-56) takes the form:

!!:.+|r(|—v)+ul-—- sl -ore +erelit+ (1-57)

!

1-11. Method of Dimenstonal An«l:sis and Sinilarity

Equations describing some class of physical processes can alwa;s
be presented In d'mensionless form. This operation can be arcomplished
either by dividing the equation by one of its terms or by introducing
scale quantities. For example, it 1s possible to derive a dimension-
less velocity by dividing ¥ at a given point and at a given instant of
time by the average flow velocity in the tube, or by the velocity out-
‘side the boundary layer in the case of unbounded flow past 2 body. We
may also chooseas a scale a combinatlon of certain quantities which
determine the course of the process under stud;; for example, we may

take the quantity r-'/’!'l ; or the ratlo _{. as ihe velocity

scale.
By dimensional theor;, the highest number of dimensionless groups

characterizing a given process '3 given by the formula

ima—m, (1-58)

P-TS-9814 'V 28




in which
n is the number of dimensional parameters characterizing the
process;
m is the number of primary dimensions.
We have already made use of this method in Section 1-4.

The number of dimensionless parameters in the process is lower
than the number of dimensional parameters, while their magnitude does
not depend on the system of units chosen, This determines the ad-
vantage of switching over to the analysis of equations and experi-
mental data in terms of dimensionless paramete?s.

Processes in which the domains of corresponding dimensionless
parameters are geometrically identical are physically similar. This
means that the values of corresponding dimensional parameters at
corresponding points of similar systems differ only by a scale factor.

The dimensionless parameters of th. process arc also called
eriteria of similarity since in similar systems corresponding
criteria of simifarity have the same numerical values,

The criteria are divided into two groups: determining and non-
determining (determinable) criteria. OCriteria composed only of
quantities that are among the conditions uniquely defining a process

are determining.
Each of the nondetermining eriteria is a function of all the

determining criteriz.

The law of model study formulated by M. V. Kirpichev and A. A,
ﬁukhman follows from this basic proposition of the method o7 simi-
larity. Processes of the same physical nature are similar if they
have similar uniquely defining conditions and if they have corres-

oonding determining criteria that are numerically identical.
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py reducing equations of the process to a dimensionless form,
we can obtain eriteria of varlous forms, depending on how this opera-
t1én 1s carried out. Such criteria are called primary criteria,
However, the total number of critgria does not depend on the method
by which the equations are peduced to a dimensionless form, but 1is
precisely one unit less than the number of terms in the given equa-
tion.

In ahalyzing the conditions of similarity, it 1s necessary ts
defins ail the determining criteria of the process under considera-
‘tion., To do this, we have to form such combinatiuns of primary
eriteria as witl provide the greatest possible number of criteriz
composed only of quantities which are among the uniquely 2rfining
conditions. But the total number of criteria (the number of deter-
mining criteria plus the number of nondetermining criteria) must re-
main unchanged.

The number of determining criteria 18 equal to the difference
between the number of independent variables of a given process and
the number of primary quantities (dimensions) of which they are com-
posed. If the ~quations of the process are given, the independent
variables entering into a given term of the eqdation as products or
as ratlos are considered as single quantities having the resuiting
dimensions.

In hydraulics as a whole, and in the hydraulics of gas-liquid
systems 1n particular, the method of similarity plays an important
ﬁart, as 1t allows us to analyze in a distinct and general form the

effect of a great numbe® of factors determining the motion of 2

stream,
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CHAPTER TWO
MOTION OF DISCRETE BUBBLES AND DROPS IN THE ENTRAINING MEDIUM

2-1, Steady Motion of a Small Bubble

The smaller the dimensions of & gas bubble mcving in a liquid
medium, the stabler is 1ts spherical shape. Conversely, as a
bubble's dimensions increase, its shape deviates more and more from
the spherical, and mushroom-shaped bubbles are formed with concavities
in the rear; therc 1s a general tendency toward flattening of the
bubble in the direction or its motion.

Accurate theoretical solutions are available only for spherical
bubbles, 1.e., Qéry small ones,

In the .case of steady motion of a spherical bubble rising in a
large volume of liquid, only the drag of the surrounding liquid and
buoyancy, which is a function of the difference in density o” W2 gas
and the 1iquid, act on the bubble. Let us write the condition for
equilibrium of these forces

a1V,
v T (2-1)

where { 1s the drag coefficient of the bubbdble;
w? is the velocity of ascent of the bubble;
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e 1s the cross sectional area of the bubble;
| Vv is the volume of the bubble,
‘Hemce . , ‘
| ' |
' o= et d 14 :
T (2-2)

For a spherical bubble, it follows from (2-2) that:

oy MEDE, (2-3)
Xy’
where R is the radius of the bubble.

In the case of a liquid drop settling in a gas Jet, the velocity
of settling is determined by the s:m- formula, but in the dencminator
the valiue Y is replaced by the value 1"under the radical sigzn.

Examining this problem in the light of the general hydrod/namic
equations, it 's expedient to combine the center of a spherical systen
of coordinates with the center of gravity of the moving bubble (drop).
In such a case, the drop as a whole is considered to be motionless,
and the cxternal Jet to be moving at a velocity w".

The equations of motion and continuity are written separately
for the external medium and the medium contained in the bubble, in
<he form of Equations (1-16) and (1-17). Accordingly, to these equa-
tions we add the boundary conditions (1-22), (1-23) aud (1-24) (at
€n ™ 0) on the phase boundary, and the condition that w = 0 qt.a larze
distance from the bubble.

The solution obtained by Rybehinskiy and Hadamard, has the formi

. 14 =

o= Ll -.”'.“ . (2"‘)
* 2+35
’
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" 1
At » 3 s, the Rybchinskiy-Hadamard formula changes into the
well-known Stokes Law for the motlon of small solild spheres in a
1iquid medium:

T e
e~ (2-5)

At p"<< p' Formula (2-4) gives:

- RE (2-6)

As the condition u" &« p' corresponds ‘o the case of a gas
moving in & liquid, 1t appears from “he comparisorn of (2-6) and (2-5)
that gas bubbles mus- rise 1.5 times faster than solid spheres. This
1s explained by the mobilit, of the interface Le‘ween the 1liquid and
the gas phales, as a resul® of which “he veloci:: of -he liquia ac
the bubble surface 1s lower -han at the surface of a solid particle,

Solutions (2-4%) and (2-5) are valid for spherical pariicles

when

le-’-"—',"<z.

For the range Re az50 o 800, a theoretical solu:ion was found by
3. Levich., Howe.er, the solu:ion is not accura:e because of the
separation of the boundary layer al the wake of -he particle at Re>Z2,
Tt 1s only impor:tant to mention that in this case the mobility of the
interface results in a flow which is differen: from the flow pas:
a solid sphere, namel., the separation poin: in the case of a motile

boundary 1s displaced nearer <o the wake of -he flow. Therefore
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the drag of such & part;cle 1s also smaller,

However, the experiments and
subsequent theoretical investiga-
tions of A, I. Prumkin and V. 0.
Levich showed that a substantial
deviation in the motion of gas
bubbles or drops of an immiscible
1iquid within another 1liquid from

the motion of solid particles oc-

enrs only when the interacting

Figure 2-1, Effect of im- media are unusually pure; Snall

puritiea on the velocity of
ascent of air bubble: in water: inpurities strengthen the surface

(1) theoretical curve ac-
cording to Levich; (2) ordin- £11m to a degree where the motion

ary water; (3) distilied water;
(k¥ water twice distilled with of bubbles cr drops, for practical

permanganate,
purposes, no longer differs sub-
stantially from the motion of solid particles.

Figure 2-1 shows the res1lts of a series of experiments on the
motion of gas buﬁbles in water which has been subjected to various

degrees of distillation.

2-2, Law of Drag'for a Sphere with a Motionle:s suictee

Figure 2-2 shows the relationship between the drag coefficient
of a solid sphere and the Reynolds number plotted on logarithmic
coordinates. In the region Re < 2 laminar flow past the spheve

takes place, and Stokes! Law applies:

S=6npRw, (2-7)
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to which corresponds the value
. -
= (2-8)

The substitution of (2-8) into (2-3) leads to Formula (2-5).
Within the range 1'103 < Re £ 2'105, the drag coefficient remains
almost constant and equal to approximately 0.4. At Re >>2'105 thg
drag coefficient decreases sharply, which 1s caused by a displacement

of' the separation point of the boundary layer (Fig. 2-3).

’ C I A A

Flgure 2-2. Drag coefficient Figure 2-3. Flow of a
¢ vs. Re number for a sphere liquid past a sphere,
with motionless surface.

2-3. Free Motion of Gas Bubbles fn a Liquiu

The following act on a gas or stecam bubble floating upwards in a
liquid: the buoyancy caused by the pressurc gradient in the direction
of motion of the bubble; the drag of the liquid layers surrounding the

bubble; and surface tension. The latter tends to give the bubble a

spherical shape.
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Pizure 2-5. Schematic representa-

’ tions of air bubbles of various
‘ sizes: 3
N 1; ¥ = 0.01 om3 72 ! = 1.43 cm
2){ =0.95 Vv - 2.5
3) ¥ » 0.15 -uo "
Pigure 2-4. Character of the mo- (B) V = 0.28 " = 13, 3 "
tion of a single bubble in a 1li- =05 " = 20.° "
quid. By =10 " V>2oo "

However, owing to the unequal pressures around the bubble, the

latter becomes deformed. In this case, the greater the volume of the
pbubble, the more its shape ﬁill differ from that ol a sphere. The
smaller the bubble, the greater ihe surface tension, and the more

Ycry small bubbles are almost entirely spherical.

sion is small /See For-

stable 1s its shape.
In large bubbles, the influence of surface ten

mula (1-30)7 as compared to the dynamic effect of tne iiquid medium,

and the bubble assumes flattened, mushroom-1ike, and extremely unstable

shapes. The time chanze in the shabe of such a bubble leads to var.a-

tons in the velocity of its ascent and to deviationa in the trajectory

or its motion from the vertical,

Figure 2-4 shows & diagram of the motion of a bubble from Miyagi's

observations; Fig. 2-H shows the diagrams of air bubbles from R. M.

Ladyzhenskiy's observations; Fig.?-é shows graphs of velocity variations
. [} . . P o

F-TS-9814/V 36



in the ascent of steam bubbles

data clearly illustrate the uns

in’ a liquid.

v
e
: /
J
(]
€ s5eC
[} ] 2 J

Figure 2-6, ‘ariationc In
velocity of ascent of a steam
bubble in a large volume of
water at p = 1 atm, abs.
D. A. Prank-Kamenetskiy s
flattened spheroid (Fiz. 2-7)
The flow work, resulting i

bubble,is accomplished against

a-a‘%’!na--oa.

from Shamshev's experiments. These

table shape and motion of gas bubbles

. -
—— SE—— - — —

Figure 2-7. Diagram of a
flattened spheroid entiaiacd
by a streanm.

howed that the relative velocity of a

does rot depernd o its size.

n a change di in the thickness )f the

the surface tension--i.e.,

(2-9)

From the condition that the volume of the spheroid be constant,

we have
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. o m e e e T
On these grounds, replacing 1in Equation (2-9) th2 quantity ed?d

'ty the quantity -gdme, e find that \

. u. _L 4 (2-10)'

- = .
we* 8

By substitutinz into (2-2) the value * of a flat spheroid from

(2-10), we obtain:

w-)/ e (2-11)

It follows from this formula that ihe avex;age ascent velocity of

large flattened bubbles (or the descent velocity of flattened drops)

does not depend on their size. Consequently, Formulas oy oand (z-11)

describe two limiting conditions of motion of bubbles (drops) in an
entraining medium--namely, the first formula describes the law of

motion for very small bubbles, while the second describes the law of

motion for very large bubbles.

il

=

Figure 2-8. Ascent velocity of a single air tutble in water V8,
bubble diameter at p = 1 atm. abs.

)
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Figure 2-8 gives o series of experimental data on the ascent
velocity of gas bubbles in water. In the case of diameters of the
oéder of 2 to 5 mm, the ascent velocity decreases owing to the
starting deformation of the bubbles and to the resultant 1n§rease in
the drag coefficient. By the time a certain stability of the
flattened shape 1is ~eached, the ascent velocity of the bubble in-
creases somewhat as its dlameter (or more exactly 1its volume) in-

creases and then becomes more or less constant,

2.4, Effect of the Finite Dimensions of ‘he Vessel

Let us examine Lhe ascent of a bubble in a ‘ube whoee A4ame-er
we will make commensura'e with the diametler of ‘he bubble (Fig. 2-9).
In this case, the drag of “he bubble can be determined by the rela-

tive velocity
v, =v-v | (2-12)

in which_g" is the absolute veloeclity of the bubble and !' is the
average flow velocity of the 1liquid in the annular space between the
bubble and the tube,

puring its motion, the bubble vacates a space equii r§2g§

which is then filled up by the 1liquid flowing into 1it.

Hence

lR’dxa—"l(R:—R.)dt. | ' (2'13)

where 30 1s the radius of the cube and ¢ 1s the *ime, Noting that
dx .

] .
" w', we obtains

- )
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“-=[-(3) (234,

v __ !
LA (2-15)‘

o
e =

Substituting this value into (2-3), we find:
"-".[i - (-5—)‘] (2-16)
{ ]
where w" 13 the ascent velocity in a laig® volume of liquid (80:$>B).
“ o

Thus, in the case of motion in

a tube, the ascent vels 2t _f the

pubble decveases. : As will be shown

later, experiments disclose a more

substantial influence of the quan-

tity B on w" than follows from

%

the elementary calculation given

above.

FPigure 2-9. Diagram for the problem

“of bubble motion in a tube.

2-5. Generalizatiorn ot EX

erimental Ta*ta on the
scent velocity :

=
J¢r>le Euttles

|
Let us consider in general the conditions determining the motion

'of a bubble in a liquid. The ascent velocity of the bubble depends

on the difference in the deﬁsities of the liquid and the gas, and on
\ . . R . R B
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the drag of the surrounding liquid'determined both by the physical
properties of this liquid ( u'y ¥'y ¢ ) and by the shape and dimen-
sipns cf the bubble i1tself However, as contrasted to tlbw ﬁnst
solid bodies, the shape 27 a bubdble 1s not invariable but depends on
the conditions of the flow past éhe butble, on the interaction of the
forces on the surface film of the bubble and in the stream of 1lijuid.
In the case of very pure liquids, when flow on the phase boundary is
observed, the effect of the viscosity of the gas also becomes
noticeable.

vDisregarding the latter factlor for the time being, we may
describe the motion of a liquid flowing past a bubble by the following

system of equations:

-5 -gadp +pew =y "':‘ :
dlv:-o;
LA 2 2-17)
() - . (
h 2»(‘,). P +.(R.+l. :
», =
F, (x:y:2)=0.

The first two equations of (2-1T) are the conventional equations
of motion and of continuity of an incompressible fluid, The third
equation (2-17) expresses the condition of the equality of the normal
stresses on the phase boundary, taking into account the affect of
surface tension and disregzarding the influence of the viscosity of
the gas. In this case, p' is the pressure in the liquid, and p" is
‘the pressure in the bubble., The last equation of (2-17) is the
equation of the interface,

when converted into & dimensionless form, the system (2=-17)

gives the following primary similarity criteria:
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= rev’

-1%

JRATE H N (2-18)

Let us introduce new criteria, consisting of part of the

eriterid in (2-18):

b o ye'! : [ .

ver bl gy " G-

wi A=) ;

( ) l«r-x wr :'-'-' (2-19)

(t-t ) ('—_)g__'%—"_——x?'

Purthermore, we note that the group

L b v

e et v
1.e., 1s not a specific eriterion end can be excluded from considera-

tion, Consequently, taking into account (2-19) instead of the system

of criteriz (2-18), we may write the following equivalent system:

{'._:-. ;%" l;l: h’—.!"l': -_-.1}.""-_‘:"} (2-20)

In this case, on the strength of the penultimate equation of (2-17),

the ascent velocity of the bubble g" 1s accepted as the characteris-
tic velocity. The free ascent velocity of the bubble will de
uniquely defined 1f the volume of the bubble as well as the physlcal
properties of the gas and the 1iquid are known, Attention should be
given to the fact that the volume ol the bubble is always among the
eonditions which uniquely define a given phenomenon, while the shape
of the bubble and 1ts radius are functions of the process.

Since the volume 1s propor:-ional to the cube of the character-

~ istic linear dimension, we may introduce into (2-20) the equivelent
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radius of the bubble:

4
Rq- 7.'.

In the system (2-20), the last two criteria consist only of
quantities that are smong the uniquely defining condifions. Conse-~

quently, these eriteria also determine the process of the rise of’ the

gas bubble in a 1iquid. Hence
o°R oy e '
Tn . .__}F . —
v I[ o Vr-r ' (1'-1'"!.J' (2-21)

or

= B

The group !5 (l——';ﬂ 13 called the Archimedes eriterion,
Based on numerous experiments by Peebles and Garber and by other

suthors, the following specific expressions for the function f can be

~ assumed,
1. The conditions of lm'l'unar flow past a bubble which remains
2" R
spherically shaped at Re = ~ < 2 are

s 1) ik X o
»’ :

C=34Re”".

2, The conditlions of motion of bubbles having the shape of flat

pulsing spheroids at 2 <Re <1&A°’u2 are:
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| =03 -5-'.'— R (2-23)

’ (=18.7Re"*". (2-24) |
i * ,
- |

3. The conditions of motion of bubbles having the shape of flat,'
relatively stable spneroids at 5a0-%2 e < 30059 gare:

-'-usl/ ., (2-25)
W=1R

C=00275A""Re". (2-26)

4. The conditions of motion of mushroom-shaped -ubbles at
0.50

Re< 3A are:
-’-l.lai/ £, (2-27)
Qe 0.82A™*"Re. (2-28)
In these formulas, A= ',,. — denotes the first of

the criteria written in functional notation in (2-21).

o

v

igure 2-10. Generalized data on ascent velocities of single
bubbles. Lines calculated by Formulas (2-5), (2-23),(2-25?,
and (2-27). : . -~ e
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Pigure 2-10 shows the results of experiments by Peebles and
Garber, plotted on §, Re coordinates, The curves pasaing through
thé points wsre calculated from the above-mentioned formulas, As is
evident from the graph, experimental points for various liquids up to
a certain Re value fall on the general curve corresponding to the
Stokes formula (Re < Z) and to Formula (2-24) (Re >2). When the
value Re >»4Ao‘u2 is reached, the single-valued relationship between
{ and Re is violated, and the experimental points for each liquia

fall on a separate curve corresponding to Formulas (2-26) and (2-28).

2-6. Relative Motion of Single Drops

The relative motion of drops of a liquid in a stream of ancther

1iquid in the absence of mass transfer 1is described by the same

‘system of equations as the motion of single gas bubbles in a liquid.

Accordingly the functional relation (2-21) 1s &lso valid. A number
of experiments on the motion of drops were carried out by N. I.

smirnov and V. L. Ruban. The specilal feature of these experiments

"was the fact that in them the ratio of drop diameter to container

diameter was varied--1,e,, the relationship between w" and the para-

meter g%-was determined experimentally. Unfortunately, licie are no

data in these experiments on surface tension coefficioents al the
~mdary separating the liquids used. Therefore, we can ploi only

the relationships
Re =/(Ae: ). (2-29)

" where

Ar = "%(l-{-); D=2R. D,=2R,.

1
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Figure 2-11 shows the relatlonship between the group lghze and
%}- within the range of the Stokes law of drag (Re < 2). Within this
=0

range, according to Formula (2-5),
e
Re ')L.- L.
e

Curve 1 in Fig. 2-11 corresponds to calculation by means of
Formula (2-1C). As can be seen, most of the experimentzl points
demonstrate that the commensurability of the tube and the drop sizes
has a greater influence thun follows from the caleculation :;-‘ven in
Section 2-'. This circumstance can appare.tly Se explained by the
fact that the influence of the dimensions of the container 1s mani-
fested not only by the ippeur.nce of z rcverse current with the
velo:ity W' of the entriining mediuwn, but alsc by a retarding effecct
due to internal friction in the entraining.stream.

As a result, there is 2 certain rclztionship between the function

& -i(a)
and the criter!z ’'r und

w-1i0}

Thus far, however, the e:perimental

dzta are insufficlent for a detall-

ed answer to this problen.

The results of c:perinents by

N. I. Smirncv ind V. L. Ruban with

~

large drops are shown in Flg. .-1C

in the form of the relation - 18 Re D
Figure 2-11. e vy3 ¥ 72m
¥ 5,
Re=f(A1). experiments with drops of on

11juid in another 1ijuid.
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The range of Re values covered by these experiments acorresponds,

tor a solid sphere, to the variation of { approximately from 0.75 to

0.45. As for the experiments under consideration, .they can be aatis-

factorily correlated by the relation

Re=28A", (2-30)

whicﬁ corresponds to a value of § of the ordez; of 0.2 in Formula

(2-3).
= T T
L L - L
L] P ¥
i -t -—
L. 11 |95 !
§ ]
T 1% = o
+ | ek II:l !
r"'"‘,',—l—— T i
1] ' ' |
T ':- | i
s il T i
= 1 o
LB
: =3

Pigure 2-12. Re V3. Ar from experiments witiu Wrops
of one liquid in another liquid.

Purthermere, the graph in Fig. 2.12 does not indicate any ap-
: D

preciable influer.ce of the ratio &-, although the authors of these
=

experiments themselves errived at the conclusion that they had dis-

covered such an influence,
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2-7. Release Diameter of a Gag Bubble Growing on a Solid Wall

In liquid degassing, tolling, and also in a s:zries of hetero-
geneous chemical reactions, gas gr vapor bubbles grow on a solid wall.
The shape of a bubble on the wall varies with the wettability of the
surface by the given liquid. The more wettable the wall, the smaller
the angle of contact ¢ formed by the solid surface and the tangent to
thevbubble suprface at its point of contact with the wall. The buﬁble
is attachéd to the wall by a force which is proportional to surface
tension c; The Archimedes force and the dynamic pressure of the flow--

ing liquid tend to sweep away the bubble from the wall.

()
A o-§

Pigure 2-14. Comparison of cal-
. culations by Formula (2-31)
Figure 2-13. Release diameter (sol1d line) with experimental
vs. angle of contact of a data. (1) hydrogen; (2) water
bubble on a solid wall. vapor.

Pigure 2-13 shows the results of calculations by V, Fr!%~ A2ter-
mining the bubble diameter at Lhe instant of its release from the wall

(release diameter) in a mottonless liquid phase. This relationship

may be expressed by the interpolation formula

D, =~ 00180 Vr'——f-}- . | (2-31)

in which ¢ is the angle of contact for wetting.
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Figure 2-1)} compares the results of these calculations with
certain experimental data.

- 8. @, Teletov showec that in a moving liquid the release
diameter of the gas bubble decreases as a function of the criterion
w'2
'EIT'

2-8, Pormation of a Vapor Bubble on a Heating Surface

Whein a 1iquid boils on 2 heating sprface and the heat flu: s
lower than the critical flux (see Chapter 7), vapor 1s generated in
the form of bubbles at individual points ~f the heating surface.
These points are called vaporization nuclei and are microscopic ir-
regularities of the surface. If the heating surface is sufficlently
large, the distribution of .actlve nuclei becomes equally probable
in all sections of the heating surface.

The temperature of the saturated vapor in a vapor bubble which

is in a state of "“thermodynamic eyuilibrium is

‘..-rl--'*'"-%' (2-32)

in which 62, is the effective pressure drop due to surface ten-
sion;
g"R . is the saturation temperature above the plane at a
pressure equal to the pressure in the liquid at the
level of the bubble, '

Prom Formulas (1-30) and (1-31) it follows that

ap,=3p+8p°" = =" (2-33)
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dt"

The quantiiy Zi§ i3 determined by the well-known thermodynamic

formula

o _ ATy
& ' . (2-3")

in which A = féT keal/kp-m 1s the heat equivalent of work.
Hence, the radius of the bubbles formed in the superheated layer
of the boiling liquid is determined by the formula

’:::.' | (2-35)

R...=

in which At is the degree of superheating of the layer relative to
the saturation Egmperature above the plane at the glven pressure.

In the absance of microscopic protrusions (or depreasions) on a
heating surface with a pradius of the order of Bmin' vaporization is
hampered and can take place only as the result of density fluctua-
tions in the superheated liquid.

FPigure 2-15 shows severa) frames of a motion-picture film from
the work.of L. M. Zysina-Molozhen and S. S. Kutadeladze on which the
process of bubble bolling was recorded by h;gh-speed exposure.

The first frame shows the instant at which the entice central
part of the heating surface (dark stripe in the lower part of the
frame) is wetted by the liquid (water),

In the second frame, 0.90475 second later, a small dark cone
indicates the spot where a vaper bubble i3 forming. The linear
dimensions in the frame are determined by a scale wire C,2 mm in di-
ameter, visible as an snelined dark line in the center of the frame.

JIn the third frame, 0.0095 second lzter, we see a vapor bubblé
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which has already taken shape; and finally, in the last =ixth)
frame, 0,0285 second later, the vapor bubble is released from the
heating surface and the latier is again in contact with the liquid

phase at this point,

Flgure 2-15, Growth process ol = vapor bubble

on tha heating surface,
Tigure 2-16 shows the results of frequency measurements of
vapor bubble formetion in the same
expe-iments., These data clearly
11llustrate the statistical nature
of the prccess of bubble bolling.

The well-defined maxima on the'

.curves n(u) denote the most prob-

Figure 2-16. Bubble dis- able frequency (under the given
tribution as a function of

the frequency of bubble conditions) of vapor bubble
formation (boiling water):

51; p = 1 atm, abs,; formation. This quantity declines
2) p=1,9 atm, abs.;

(3) p = 2.77 atm. abs, with increase of absolute pressure

in the liquid.

2-9. Equation of Motion for a 3Bubble (Jrop) in an Entraining Stream

_ If there 13 a pressure gradient in the entraining stiream, due
not only to the change in level (hydros:atics) but also to frictional
losses (such as in flow through & tube), then in such a stream not
only the Archimedes force but also the force due 0 the presence of

grad p. will act on 2 bubble or .drop.
‘-A
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In the general case, the re-
sultant action of these forces is

equal to the vector sum

l;(r'-!’)+grdp,]v.

in which V is the volume of the

Figure 2-17. Diagram bubble (drop).

showing the interaction of

the Archimedes force and The interaction of these .

the force proportional to '

grad Pe- forces is schematically shown in
Fig . 2-17 .

The equation for the relative motion of a bubbdle (drep) in the
entraining medium muy be written in the following form:
) @ QL PR ad 2
[:,49 n+"]| ooty

. . 2-36
_Q'V—:— ==p'V% +Q(v"-"bp'-‘—-‘r: (2-3

here w" and w' are the absolute velocities (rslative to ;he con-
tainer) of the bubble and of the entraining medium;

r 18 the time;

@ is the calculated bubble cross section;

t is the coefficient of resistance to relative motion
of the bubble in the entraining medium, o Jrag cO-
efficient;

| ¢ is the coefficient of entrainment of the entraining
medium ("oound mass") equal to 0.5 for a sphere;

¢ is the coefficient of reactivity which i1s a function
of the unequal rate of evaporation (condensation)

along the bubble surface.
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. 2 . . ]
The first term of this equation describes the force of expulsion

,of the bubble a3 a result of the pressure differerces on 1ts surface
.which are furctions of the pressure field in the entraining stream. |
‘The second term describes the force of resistance to the relative
motion of the bubble in the entraining medium. The third term describdes
the inertia of the bound mass (entrained with the relativé motion of
the bubble) of the entraining medium. The fourth term describes the
inertia of the bubble itself. The fifth term describes the reactive
force (Meshcherskiy Force) generated by the change in the mass of the
bubble (drop) as a result of the processes of evaporation, condensation,
combustion, or diffusion.

For a bubble having the shape of a sphere (1.e., of a rather

small bubble), it follows from (2-36) that:

gy X
&0 -9") + R T (v-wp (2-37)

VLY U P B
v -2

Calculations show that the time of nonsveady motion of bubbles
(drops) with a constant mass is very short. Thus, for example, at
"= 8 kg/h3, ' =950 kg/h3 and D = 0.2 mm, the time of =, c:le.ation
of the bubble from zero to 99% of the equilibrium relative velocity is
of the order of 10'5 second; under the same coinditions and D = 5 mm,

3

this time is of the order of 10~ second.
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CHAPTER THREE
DOWNFLOW OF LIQUID FILMS

3-1, Flow Regimes in Thin Films

Comparatively thin, flowing 1iqnié films, washed by a gas or
steam, are found in different condensation, absorption and other
equipment. Depending on the value of the criterion of Zl.z:mllie
. similarity ' |

Re- T2, (3-1)

where § 1s the thickneas of the film; three fundamental types of
flow regimes can be observed:
1) laminar flow of liquid film with a smooth interface
(Re < 30 to 50);
2) laminar flow of liquid £11m with a rippled interface
(30 to 50 < Re <100 to 400);
3) turbulent flew of liquid film (Re >100 to 4osl,
The mass flow rate of liquid per 1 m width of film is

a;- ‘7. ( 3-2)

and consequently,
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Re- 3 (3-3)

Thus, the Reyrolds eriterion of the 1iquid film can be calcu~
lated without any direct separate measurement of the thickness and

average velocity of “he film,

[

3-2. Equatlons of Motion for a Fllm

A8 a result of the slight thiclkness of thé £4lm, its flow may
be considered to be planar, even on curved surfaces (tubes, nozzles).
Also, by virtue of the same slight thickness of the film. tr2» deriva-
tives of velocity taken acrcss the £11m are large in comparison aith
the derivatives along the film, and the pressure change across the
f11m 1s, for all practical purposes, nil. In this connection, the
equations of flow for the film (Pig. 3-1) may be written in the

following form:

. )
.0:

ll'-%+p’—‘;:—'-
.~ FURE N (3-4)
-r‘(—'+ v, 2):
)
~, L
3 .’ 0. )

Thus the equations for the f11m are anelogous to the familiar

equations for the boundary layer of an unbounded 1iquid stream.
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At the wall

'.-"-o-
At the interface

r=r+p:
:1 - +" . .

T ?

'

here {" 1s the coefficlent of

Figure 3-1. Dlagram of film . o
flow on a vertical wall, friciicn of the gas against the
£11m surface, whose sign depends

on the direction of the gas flow relative to the direction of the

vector g.

It follows from the equation of continuity that:
. o,
"-—I-k_""' (3'5)

The condition of continui.y of flow in an elementary volume of

the film 4V = § - 1 . dx gives:
- ':;3"" | (3-6)

in which & 1s the thickness of the film;

-ch 1s the rate of change of phase at the film surface.-
Assuming that the curvature of the film changes substantially
only in the direction of flow--1.e., along the x-axis--we may write
that the excess pressure 1s equal to
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[
Pt (3-7)

The radius of curvature of the f£ilm surface ig related to iis

thickness and to the E-coordinate by the well-known function

e[ 8

Since 5}«: 1, Equation (3-T) may be rewritten in the following

form:

g g
PETZETIS (3-8)

Substituting this value of P' ir.to the equation of motion for

the £ilm, we obtain:
P,

.
—

L
Go-r o o

""[. " I )‘.Tyil

(3-9)

3-3. Laminar Flow of a Film of Constant Thickness
on a verclical Wa

when the notion of a film of constant thickness (a' = const;
§ = const ) 1is slow and steady, the interface remains strictly

parallel to the surface of the wall along which the film is flowing.

In this case the equation of motion takes the elementary form:
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vI » lh' = '
TS 0. . (3-10) |
l\ '
The boundary ccnditions for this equation are:

|
y=0, w'=0; |
o l (3-11)
- |

-»'
-. '—- - od
y=4, ¢ o +(¢

Integrating (3-10) and taking Conditions (3-11) into account, we

obtain:

d==(+C' 1o + v-1 5)"._ -3 y. (3_1",)
+ b' " ~' &

For downflow of gas, a plus sign must .be used in the second term
of this equation (the gas carries the 1iquid film along in the same
direction as the force of gravity). For upflow of gas (the gas re-
;t&ds the downflow of the film), a minus sign 1is used.

The velocity of the liquid on the phase boundary is

. oy .
gt TN =ty (3-13)

The relative velocity of the gas is equal to

v -v-u. (3-14)
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i The average (flcw) ‘velocity of the liquid in the film is

LJ , _
e W (3-15)

!
i
| ! .
When the gas floas upward the liquid flow velocity becomes nega-
tive (the wiole film is carried along upward) at

ey
PG -1 >1. _ (3-16)

Condition‘(3-16) determines the "flooding" of the apparaius.

In vigw of the low flow velocities in a viscous film, we may
assume for practlical purposes that !; - !" without resorting to the
calculation of the quantity !é by meﬁns of Equation (3-13). '

Multiplying both parts of Formula (3-15) by the quantity Y ,

we obtain: :

f.l.’ ’ __. -
O=sclre =Dy, (3-17)

this equation permits us to calculate the thickness of taz laminar
film from the iknown liquid flow rate. Particularly for the case of

flow in a practically motionless gas,

»a,
=V ir-n- (3-18)
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: 3-4. Wave Flow of Film at w" & 0

, In the case of a wave regime

i capillary waves appear on the sur-

i
face of the film (Fig.3-2). The

capillary forces, which then appear.;
'as the result of a deformation of
the interface, are commensurate
with the forces of gravity and
viscosity acting in the film. This

type of flow was investigated by .

T. L. Kapitsa, whose solution was
Figure 3-2. Wave-like motion of a defined somewhat more accurately
i by V. 6. Levich and V. K. Bushmanov.
At w" o~ 0, tangential stresses on th2 free surface of the film
are for practical purposes absent, and the velocity profile when
the surface !s undisturbed has, according to (3-12) and (3-15), the

form:
, 9.,
v-2(-£} (3-19)
In wave motion, -he average velocity along the cross section 1is

a function of the g_t-cocrdinate as well as of time « . Therafore, we

assume for the case under study that:

v, Zdn0(, 2, | (3-20)
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1{es the btoundary conditions (3-11) av W' =0,

w! from (3-20) into the equation of

he obtained equation term

This equatlon satisf

By substituting the value of

mation for the film (3-9), by integrating t

n the limits of y =0 and y= &,
ver the thickness of the

and by dividing by $

by term withi
£11m), we obtain:

(1.e., by averaging o

08, o« v _»O - :
=+t (3-21)

The equation of continuity (3-6) at ¥} = O takes the form:

__asy
& (3-22)

rl®

£ amall amplitude only we will express the

binomial:

Considering waves O

£1lm thickness in the form of a

tultod (3-23)

£ilm;

e thickness of the
of the instantancous value

where § is the averag

¢ is the coefficient of deviation
ge value,

~of the thickness from its avera,
ce of a film flowing

lary waves originating on the surfa

e influence of gravity are not damped
21) are functions of

Capil

downward under th

Thus, we may

antities in Equation (3-

consider that all the qu
i.e,, of the argunent

S the §-coord1nate and the phase velocity V¥,

(x - yr). Then
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i
1; Introducing these expressions into Equations (3-21) and (3-23),

ie obtain:

- e, & o, —y )
(Ti"—v 7'7'3— h(|+,p+17r" (3-25)
L((v-5 80 +9)-0. (3-26)

: It follows directly from the latter equation that

3 .

- e .

: ., %, (3-24)"
) '—."iv—'

Ho-w) (1 *')-;coﬁst (v w). (3-27)

where v_vb is the average velocity in a stream of cross section T .

It follows from (3-27) that the following relation applies in

the wave at the film surface:

R (5-28)

expanding this express.on into a series, we have:

: w,mw, 4 (v—w) (= + o' )
5 | ~, , ; (3-29)
: = =y w)(1-2 -3 -

30
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Substituting these expressions into (3-25), we obtain an

equation for the dimensionless amplitude ¢ .. At small amplitudes

’_' <€ 1, which allows us to consider only t;irst approximations for

w!
!".‘ and 0\1!/ § X,

The energy loss due to friction in the film, per m~ of wal.l

surface, is

where )\ 1is the wavelength in the given instance.

2

The average work of gravity per m~ of wall 1s

I-G,.

In a steady-state process, the condition

2l
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must be satisfied, from which 1t follows,

that:
L
-7
where
. ]
{142\
] S /
. L} a+e

By V. G. Levich's salculations, as a second approximation,

9=021 sin [R(x-t)]:

r- (o.s '-ﬂ)
b4

'=Zﬂ%;
e-.08.

The measurements of the wave profile,
the shadow me‘hod bty P. L. Kapi<sa and S.

factory agreement of <heory and experiment.

after transformation,

carried ocut ©

A the same time,

(3-33)

(3-34)

(3-35)

< acais of

P. Kapitsa, showed satis-

another important circums:ance was discovered 1n the course of che

exreriments: the wave regime in the £11m flow is relatively easil:y

transformed into 2 turbulen: regime when ex

on the stream.
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3-5. Turbulent Flow of a Film of Constant l
ckness on a Vertical Wall

. As a first approximation, & turbulent flow may be divided into a
laminar sublayer and a turbulent come (Fig. 3-3). The velocity pro-

file in this case 18 determ:ned by a system of two equations:

.5 ,zP
| (3:36)
%, ',,.3’l'r(—)

here 0 i3 the calculated thickness of the laminar sublayer;
X 18 a constant characterizing the structure of the *i~hu-
lent stream.

According to available experi-

e ? p, | mental dai. x = 0.4 and ¥ " 11.6
1A 7 xvl/ -& Expressions (3-36) have
oS- By
0 I, - approximate~-equality signs since,
4 v
[ - h-'*;.,',',‘, .n reality, the turbulent fluctua-
'.-u s woy tions also penetrate into the

laminar sublayer, and since the

Figure 3-3. Velocity distribution viscous friction ;lays a weli<known
for a two-layer pattern of turbu-
lent flow. part in the turbulent core in the
vicinity of the sublayer. Bes.des, the expression given above for the
tangential stress which is due to turbulent friction is itself only ‘
Qpproximate.

In the film, the tangential'stresses in a steady flow balance
the effect of grhvity and the friction of the gas against the free
surface of the liquid, i.e., f
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' . ) fo !

j On a solid wall y = O and the tangential stresses are
| |
i

'
i

=g 2 C'-'.,i- (3-38)

On the phase boundary Y = 3 and th: tangen’-ial stresses are

s =t (3-39)

As a result of the small thickness of the laminar sublayer, tan-
gential stresses in this layer may be conside.red practically constant
and equal to v . For a slowly moving gas (v_v:zo), we have

(a) in the laminar ‘sublayer :
. . l
,I_;I.a-.'% : (3.@0)

|
|
i
I
|
!

(o) in the turbulent core

| | g(L5E)0-n=2y (1"’-')'; (3-41) ';
| ' !
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Integrating (3-40), we obtain: )

- L . .f——-l:"; (3_“25
|
|

|
| .
;accordingly, on the boundary between the sublayer and the core-*

|
!

.;-n.c'/ 3(1 )s (3-43)
Integrating (3-41), we obtaln:

.,," |/ t(l— X

x(zvr-';+v1 -:;f.ﬁ:w";m) (3-44)

! The constant of integration 1is determined by the cor.ditioh that

i
‘,at Y=Y !' = !-'1. Finally, we have:
! .

v, ,--;+-‘-l/_¢_(:f?[2t’f-_i—2t’i'—7.—

(Vv -Vi ) Vv -V
+V1h(Vt+ t—,)llt-'-_%:h:)]

]
!
i
i
f

(3-45)

In the vicinity of the s0l1d wall, where y « §, We may assume

S /‘——T y
that 1 - -;-'- -1 -7 and Formula (3-45) takes the form:

{ N S . R —
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: [b.J +in ’(’—%) W + (3-46)

-3

The last expression 1s the familiar logarithmic law of velocity
ldistribution ia a ‘urbulent stream in the vicinity of a solid wall.
| As may be seen from these caleculaticns, aithough a relatively
'uimple logarithmic velocity profile does not satisfy the boundary
conditions on the free surface of the film, 1t neverthelun, Juel per-
!mit calculating the velocities 1n various cross sections of the film
1v1th an error not exceeding 5% in most cases of practical interest.
% In this case, the greatest error is made in the immediate
1vicinity of the free surface of the film. This circumstance is ex-
plained by the fact that the most substantial velocity change takes
‘place in the relatively thin layer of the film in the vicinity of the
}wall when y « § and Formula (3-46) 1s sufficiently valid. In the
:external ldyers of the turbulent film, however, velocity varies
'relatively 1little.

We must also point out that in the external boundary of the
£11m the intensity of the turbulent fluctuations may be damped, not
only as a result of the decrease in the quantity gg/‘;, but also under
'the influence of the resistance of the surface layer of molecules,
:1.e., as & result of'the surface tension of the liquid.
; The influence of this effect can hardly be substantial since in
Ethg vicinity or the film sur}ace the velocity varies negligibly.
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Table 3-1., Comparison of velocity profiles in a Tilm
freely flowing down a smooth vertical wall, calculated
from Formula (3-45) and approximate Formula (3-46).

% o0 o8| o.| o.m]
§ v.-vl/ = ne|me|mwr|ws| 13
i l;!-o.n - by @48
v.--|/ L e |we |we ] 172
by (340) 1
i g =k 7 1Y l 0.0 !'-0.01 —0.08 | -1.8 | —5.5
% .
[ | | J
| : n=ol/ L s we n4 e Nl
i " ]
| by 48 l | o
| " 00 T ‘
| T w=el/ . ‘n.ai YRR R E TR
‘J‘“) 4 I, x___
]
‘ DR e Io.o! 00 | 00 |-09 | —4
] '

! The average velocity in the film is

- t{feoe )

Substituting the value W' {rom (3-46) into this for.cla and

assuming ...t y; &€ ¥, we obtain:

s 1)

| Y/

3

(3-47)
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Multiplying both members of this equation by the ratio -%T and

introducing the valuez X and I3, We obtalins

|
|
|

|
! '
G, -
| ge-;{zl/ f,‘-.'(l--l;)lu.w

+2.5[|n('—|'; -l}:-(n - J;) -

{(3-48)

| substituting the value of 0; into this equation, it is possible
to calculate the thickness of the turbuieat f1lm at a given liquid

itlow rate.
|

§

3-6. Laminar Fiow o: a Film when Condensation
and Evaporation Occur

b
|
{
i
| .
In the case of a film freely flowing downward, it follows from

'Formula (3-12) that
; v-zE(y-2) S

When vapor condensation or evaporation occurs at the film sur-

face, the rate of change of phase 1s not zero. Then, asscrding to

(3'6)'

-::!.o'dy- v, (3..50)
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Substituting into the “atter expression the value of the flow

rkcal

iin which r LT_g_] is the latent heat of vaporization;
i

At 80-0

% and consequently,
n
|
|

)

P-TS-9814/V

veloait; of the film from (3-49), we obtain:

Afcer integration, we obtain:

¢
te '/ 4 Shets
ot -1

- I'/ A Ms
ov—-1)

T

=T is thermal resistance of the laminar film,

(3-52)

ey ¢ ———— e ———




o o e = e

. 3-7. Heat Transfer petween 2 Turbulent Film and a Vertical Wall

We may write the following equation for the coefficient of heat
| trensfer from the turbulent stream to the wall:
|
1

| .:‘:.-.;./m; Re). (3—5‘*)

in which Pr = o
in whic -3 ,
In a substantial range of Prandtl and Reynolds numbers (but at

]?Pr>0.6)

J(Pr; Rej=Pr™. (3-55)

|
]
I
!
i Taking into account that
|
|
|
|
|
!

- & :’.“ﬁf. e (3-56)

Expressing the tangsential stresses on the wall in terms of the

dynamic head of the £11lm, we have:
. , YO
=t '-’.-7 . (3-57)

*

F-T5-9814/V 72



- - - ——— 3 * o e e e e ——e e . ———————

Combining [3-57) and (3-37) at y = 0, we obtain for a slowly

moving gas (vapor):

lam: m—y ( ) .(3'58) -

By substituting this value of -;- into (3-56), we find that

HE =) (559

[ % - - R . . - —
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CHAPTER FOUR

LISCHARGE OF A GAS INTO A LIQUID

4-1., Peculiarity of the Discharge of a Gas into a Liquid

In contrast to ab-called submerged Jets, ﬁhere the matérial in
the Jet and the material fillirg the space are capable o: molecular
mixing, interfaces appear when 2 gas 1s discharged into a aaguid,

In this case, the molecules of the light and heavy components of the
system do not mix, Penetration of one phase intc the other takes

place in the form of separate small jets, bubbles, and drops.

4.2, Dimensions of a Bubble Released from an Orifice

In the case of moderate escape velocities, the 1ight phase flows
nut from the nozzle orifice in the form of bubbles (drops) succes-
sively breaking away. In thé general case, the bubblé wiiicn Corms
1s acted upon by buoyancy and convection currents in th: ilouid,
which tend to sweep the bubble away from the rim of the orifice.

The force pressing the bubble against the rim of the orifice is pro-
.portional to the surface tension and the pefimeter of the orifice.

when the convection currents are weak and the viscosity of the

1iquid 1s low, we have:

P-TS-9814 T



'!"*R:('l"'1')=2'k.¢. (4-1)

where r:.o is the radius of *the bubble at the instant of its release

and B 18 the radius of the orifice., Hence,
] 0o
Re = P -’ (4-2)

or, in a dimensionless form,

 —
oo/ e -

In the general case, the proportionality factor in Formula (4-3)
is a function of the cflteria.which determine the hydrodynamic process

in the two-phase system as a whole,

& :,. T [ ] _ Figure 4-1 shows, on the co-
< 5 oLl rdinates of Formula (4-3), the re-
i sults of the experiments by N. I.
:;:; ? Smirnov and S. E. Polyvrt., As can
0 . 1] T 3 4 " be seen, this simple foiwula gen-
erally agrees rather well with
 Pigure 4-1, Value of u.’ 3—5—“— experimental data, but the coerriQ

gg‘? ﬁgﬁﬁm;:;;lm?a{iz eg;\\sl clent of the radical should be
’ . -
3

aleohol; (2) benzene; (3) .
water; z‘*s nitpobenzene; (5) taken approximately as unity. The

carbon tetrachloride.
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empirical formula advanced by the authors mentioned above has the

form:

.

B [t.n-m'(?{T)"]( =) (4-4)

4-3, Velocity of Discharge Through a Rather Large
Orilice e =82

Let us consider the dischurge of a light compnmment into a heavy
- one as the successive formation and release of a series of separate
bubbles (drops). The diayram for such a discharge that 1y charac-
teristic of a two-phase sys'cm is shown in Fig. 4-2,

If we disregard inertial forces, the work of bubble formatien
is the sum of the work of changing the free interface and the work
of overcoming hydraulic resistance to thé displacement of the
growing bubbdle,

The work of formation of the free surface is

dL_=odF, .
() [} (u“s)

In the case of a spherically-shaped interface

A = teR?
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ard .
L =buRdR. (4-6)

y The resistance to the displacement of the bubble is

' ‘ot
=Lt | (4-7)

!; 1s the velocity of the phase btoundary relative to the heavy

|

!

iwherc ¢ 1s the drag coefficlent {generally variable);
| .

|

|

phase,

Hence, the elemcntary work cf the drag is

‘m?
a0, -0 13 RdR. (4-8)

Comparing (4-6) and (4=8), we find that the ratio of the
elementary work of the free surface formation and the work of over-

‘ coming the drag of the heavy phase 1s

| i, " (4-9)

Assuming that when convection currents are weak, the relative

velocity is equal to the rate of growth of the bubble,

.-2. o (4-10)

' - . - - R = — e e e ——
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in which r 18 the time‘, we obtain
a“, _up (s
The equation of the conservation of mass gives:

oRiy '@ =14 RR, (4-12)

in which 316 1s the velocity of discharge, i.e., the flow veloclty

vl tne light phase through the nozzle orifice.. Hence,

ﬂ&

ol__

(2-) (4-13)

Substituting this valuc of dR/dr into (-11), we have

Lo | gt (1-14)
U R
PN — as an example of this, for the
- — ——:: discharge of air into water at
- o WS = 1 m/sec;
i 7' = 1,000 ke/m3:
|- = :
¢ =7 * 1077 kg-force/m;
R, =3 ' 1073 m;

Pigure - -2. Diagram showling
discrete dlschirge vl the
"1light phase into the heavy
phase,
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R= 51 and when a turbulent flow past the bubble is present
($ =0.4) we obtaim

@,  sear10?
— e e =|5
dLy  0.4-1'.100.3.10-

In this connection, as a first approximation for turbulent flow

past a bubble, we may consider only the quantity

L= ra,- 4Ry, (4-15)
In the case of laminar flow past a bubble (e < 2)
-3 - 1
t=0 > 2 (4-16)

as a consequence of which L~ and Lg b2come commensurate.

The work of bubble formation is accomplished at the expense of

loss in kinetic energy of the light phase flowing into the Lubble

during the time 7, of bubble formation, i.e.,

L= IIR: l.';—;:’.ldt. (4-17)
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The averace flow velocity throuzh the orifice 1s

2-] o' (4-18)

b
i

f

L L (4-19)

and the time of bubble formation 1s

Q- ‘d

(M-ZO)

‘The average flow velocity cf the light phase during the tlme

lapse Ar >N 1s

o=t (4-21)
where

here f5 13 time lapse between the instant one bubhle is releas>d

and the instant ancther bubble begins to form.

|
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Let us assume that .

«® . -
;.-c.-, (4-23)
therefore
c (b-24)
R= ™™
and
e [~ e
" Hary (4-25)

Substituting the value of w) from (4-25) into (4-19), we find

after calculation that

w=3w; (™ -~ l)(-'-'.-)m'.

(4-26)

Substituting the values of L, and w; into (4-17) we obtain,

after integration,
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-ty L. B e
=t s m+Ir YR (u_a.,)

Assuming that in the case of weak convection currents the mag-
nitude of R, may ve determined from Formula (4-2), we have after

aimple transfcrmations

#Vr o 47 =
—_L-VMu-ﬂ - o4 (-*!"" - (4-28)

At a constant rate of growth of the bubble (m = 0), we obtain

the following expression:

eV . 3 . -
sy (4-29)
Ll it

4-4, Pormation of a Stable Gas Cushion Under the
Orifice of a Perforated Plate

One of the problems of practical importance in the hydrauliecs ()4
two-phase fldw 13 the question of a steady work regime of a hori-

zontal perforated plate through which vapor (gas)bubbles into <he
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1iquid layer (Fig. 4-3). -In“this
case, there is a steady supply of
gas along with the formation of &

continuous gas layer (gas cushion)

under the perforated plate,

Evidently, the condition for
the steady existence of a stable
Pigure 4-3. Diagram showing

the operation of z submerged gas cushion is the requirement'

-perforated plate,
that

> ~ (4-30)

in which ¥"/m 1s the minimum flow velocity corresponding to the con-
tinuous discharge of bubbles. . Corresponding to this condition are
Ty = 0 and &= l--1,e., within the range of applicability of
Formula (4-29):

Vaw—v (3-31)

It follows from the obtained formulas that the velocity of the
1ight phase passing through the orifice depends 1ittle on the orifice
diameter, relatively 11ttle on the surface tension at the phase
boundary and on the specific gravity of the heavy phase, and de-

creases substantially with an incresse in the density of the light

phase (i.e., in the case of a gas with an increase in pressure).

! )
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4.5, Comparison of Theory with Experimental Data

The characteristics of the bubbling (dynamic) liquid layer have

steady values only if the layer 1s thick enough. This is explaired
by the fact that the periodic

= S 4 ] generation of bubbles causes con-
o junman siderable fluctuaticns in the
¥ : ' " thin layer, in which case a reso-
o s ia] nance iay develop leading to an
. : ji'l-h ! - abrupt disturbance of the stabil-

El&
= [ A
Height of level above the plate ity of the mixture. T.s Fuauitls

of measuring quantity w"/m given
pigure 4-h. @"/m vs. 1iquid in Pig. 44, from K. A. Blinov's

::;eingrﬁgt::perlments with experiments with small layer

depths show that fluctuations also

take place in layers having a depth of about 100 to 150 mm,
Photographs taken by K. A. Blinov and S. M, Broderzon of the

discharge of a gas into a 115uid confirm the discrete character of

the motion of the 1light phase (see Fig. 4-5).

Pigure 4-6 compares calculations by means of Formula (4-31)
with K. A. Blinov's experiments carried out with a layer O mm
thiek. As can be seen, the above-stated theory of gas discharge into
a 1iquid not only reflects the qualitative aspect of this complicated

phenomenon well, but also gives sufficiently accurate quantitative

results,
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Figure 4-%

Photcgraph of process f

discharce of a 2as int. a llquide
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Floure ‘4--, Compariscn o Jata computed by means

o8 Permala (4-21) alth expe
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4.6, Discharge into a Viscous Medium

substituting the value of . from (4-16) into (4-8) and at

w"/r = dR/dr , we obtain
dL,=bp'RY 4R (4-32)

const (m = 0) we have [see Formulas (4-13) and

Ac Q.B/gr
(4-26)]:

3 vy
L Vi (4-33)

Substituting these expressions into (4-32) and integrating the

obtained equation within the limits ¢ = 0, v = T we obtain:
o AR\ 9 .-
L=t % jm Y R (4-34)

Further, taking into account (4-18) and (4-33), we have:

werly's; B,
L+1,- %L 5 cd My (4-35)

Solving this equation by substituting into it L from (4-15)
and Lg from (4-34), we find that

P-TS-GS14 N 86




: g- ['.'..': l/_"rf . (4-36)

At a' =0, thi~ formula turns into Formula (4-27) (at m = 0).
However, the viscosity of the iiquid not only influences the
dizcharge velocity w" but also the size of the release diameter
of the bubhle, This influence may be approximately taken into ac-
count by introducing into Formula (4-1) arother term which takes

Stokes! viscous friction into consideration, We have:

& R 1) = .p (4R _
TR AR bR (4-37)

From (4-13) and (4-33) 1t follows that
(0.~ +5@) C (4-38)

Substituting this expression into (4-37), we obtain the equa-

tion

o's, .
(R-) TS -.m +lh'-1;'l.la' : (4-39)
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where

-
w3

Therefore, in & viscous 11quid, other conditions remaining the

same, the release diareter of the bubble 1is greéter. The experi-

ments of K. A. Blinov confirmed this conclusion.

gimultaneous solution of Equations (4-36) and (4-39) also leads
to the nonclusion that an increase in viscosity causes a decrease in
the quantity W"/m. However, this circums:ance became noticeable in

y at a yiscosity of more than 10° Engler.

experiments onl

- h-7, Thigkness of & Oas Cushion Under &
Hnri;nntnl Perlforated Flaze

The pressure in the gas cushion is the sum of the pressure in
the 1iquid at the level of the perforated plate, the pressure drop
i{n the oririces,-and the excess pressure caused in the bubble bY

surface tenslon.

.2 v
Pwmie P r orifce . (u_l“o)

The difference in pressures
3P Ponins P:

averaged over the time lapse Tyt 1s balanced in a freely submerged
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plate by the difference in the hydrostatic pressures at the level
of the plate and at the level of the lower surface of the gas

blanket,

Hence, the thickness of the guseous layer 1s

§ . -hecE i/' LI o .
onder r= 2 h._‘,r'.'f 'oﬂ‘“ ~("_'.), (A 161)

The minimum thickness of the stable gas layer under the

perforated plate 1s determined by Formula (4-41) when W o= i&.

]
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CHAPTER FIVE

DYNAMIC TWO-PHASE LAYERS

5-1, @eneral Information

We call a liquid layer through which a gas 1s blown (is bubbling)
a dyngmic two-phase layer. A two-phese (or, more accurately, & two-
component) layer may also be formed by *wo mutually insoluble 1igquids
of different densities.

Bubbling through a liquid layer 1s used in widely varied tech-
nological processes. These include various types of bubble z20lumns
used in chemical technology, the Bessemer process used in metallurgy,
the scrubbing of steam in steam boilers, etc.

with the emergence of the gas on t: ~ surface of the two-phase
dynamic layer, bursting of gas bubble shells, for praétical purposes,
takes place instantaneously 1n a pure 1iquid. Therefore, the sta-
bility of such a dynamic two-phase layer is nil in the absence of a
flow of the light phase, 1;e., the two-phase layer exicis only in
che course of motion. More cceurately, the discontinuance of gas
reeding into the 1iquid layer will lead to the two-phase dynamic
layer charging into a sin;le-phnse layer within 2 shor: cime interval,
The latter is equal to the sum of the zscent time of the bubbles
through the liquid layer, and the very short "life span" of the
bubbles on the surface of this layer,
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Even a small admixture of surface active substances i the
1iquid becomes concentrated at the phase boundary; this usually
results in a sonsiderable increase in the time required for liquid
£ilms to ruptﬁre (in a number of cases, finely dispersed solid
particles suspended in the 1iquid produce an analogous effect).

If the surface active substances exhibit structural viscosity,
tﬁe rupture time of the films may be considerable when external in-
fluences are absent. In such cases, when bubbling 1s slow, 2 layef
of foam accumulates on the surface of the dynamic two-phase layer.
Foam 1s a film-cellular system whose individual bubbles are connected
by their separating films into a general framework. The thickness
of the foam layer is dcrermined by the average life span of the
individual bubbles, and by the rate of growth of the layer from
beneath due to *he arrival of new bubbles.

At bubbling rates commonly occurring in engineering equipment,
the foam on the surface of the two-phase layer is rapidly destroyed
by the dynamic e{fect of the gas and the liquid. Therefore, as a
rule, no significant layer of praétically motionless foam is ob-
served on the surface of the dynamic two-phase layer. However, an
jnerease in the stability of the gas bubbles in the 1liquid has great
influence on the structure of the two-phase layer itself., Tn a
"roaming"” 1iquid, the bubbles do not aggregate so well: they rise
more slowly and after reaching the surface of the layer burs< more
slowly. In this case, swelling lncreases shorply, and the density
distribution along the top part of the dynamic two-phase layer changes.

The mechanism of the effect of impurities in the liquid on <he
dynamic two-phase layer has remained almost completely uninves:igzted

thus far,
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\, The basic reglme characteristics of a dynamic two-phase layer are:

e ]

a) conditions ensuring the continuous feeding of the bubbling
mediws through the orifices of the nozzles or of the perfo-
rated plate; . | :

b) density of the mixture; |

c) stability of the bubbling layer; ,

d) hydranlic resistance of the layer.

The first of these questions was examined to a certain extent in

the preceding chapter. Some data on the other questlions are gliven

below.

5-2. Dimensionless Parameters of a Dymamis io,c-

Let us consider the physical factors affecting the bubbling of

pure liquids.

Por each bounded volume of a given phase, we may write the per-
tinent equations of motion and continuity, namely:

a) equations of motion and continuity applying within the

elements of the heavy phase:

¥
&

g —gndp’ 40 = : (5-1a)

dve' =0;

b) equations of motion and continuity applving within the ele-

ments of the light phase:
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ST = - - —

I

- ;

s eV = 2 1

‘lv:'-O;

|
% |
¢) equations of mechanical interaction of the phases at tne

phase boundary:

Y=,

[ - ..'. :

" -o.

At the same time, we have to take into account the pressure Jump

where 31 and 32 are the principal radii of curvature at a given

point on the boundary.
The totality of the independent var-jubles in these equations,

and the conditions for introductlon of the light phase into the
bubbler, determine the hydrodynamic regime of a pure two-phase layer,
These independent variables are the physical constunts of the

phases 1', v". »', #»", o , the acceleration of gravity g, the

characteristic velocity of the heuvy phase gé, the characteristic

velocity of the light phase W_ , and the geometric dimensions of the

,bubble equipment,
' The above-mentioned ,uantities are combined into dimensionless

groups given in Table 1.-2.

1
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Thus, if the determinable dimensionless characteris*ic of the

two-phase layer is ¢4, then for pure liquids in the general case:
- { ] 'i

’ "=0 ", %, o, e« .Y,k b )
(] (] .‘ . .‘ . v . '('._'.,’ . ‘. H '. . 1 T ) (5-2)

H

! I
here, 1, 1;, 1, . . . are geometric characteristics of the bubbler.

These criteria may be combined into certain groups which are
‘more convenient for further analysis,

We have:

- S e (5-3)

o\, e « .
(3) (=08 -wy/ 5 (5-4)
Criterion (5-3) describes the interaction of buoyancy (the
IArchimcdes forcei in the two-phase layer with viscous friction in the
heavy phase and surface tension,
é Criterion (5-4) describes the relationship between the reference
velocity cf the light phase and the 1imit relative velocity of single

‘bubbles; this 1s disclosed by comparing (5-4) with (2-11).

Consequently, Relation (5-2) 1s equivalent to the ré¢iation

| .

i .. i/l_-_x: Sy e x.p.l | 5-5
‘. "-"(;%'.° o pr v W=y "-l""')' (5-5)
i .

| :

i
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The latter expression is conveniert because the nunber of cri-
teria containing the basic linear dimension of the system 1, and the
phase vzloclities wb and wo, is minimized,

It follows from whet was said above on the physical meaning of
criterion (5-4) that the functional Relation (5-5) must be particu-
larly convenient for those regimes in which the light phase moves in
the form of discrete bubbles or their associations.

In the second limiting regime for the motion of a two-phase.
flow, the shells of the individual bubbles are destroyed, the motion
of the 1light phase takes on the chararter of a jet, and the inter-
action of the phases is to a considerable extent determined by in-
ertial forces. Naturally, we should take the quantities p'!'g and
p'w"g as the scales for these inertial forces.

In this case, it is expedient to use a notation of the criteria

gomewhat different from (5-5), namely:

| "l .’4 (:.: I. % V-' oy
"\ "/—u—ﬂ_WTh-ﬂa )
) (5-6)

r.e.. b}

The criterion

-ﬁﬁ ' e '/l—f (5-7)

describes the relation between the kinetic energy of the light phase,

the surface energy on the phase boundary, and the gravitational field.
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The physical 1mpor§ance‘or writing the Eriteria of tue type in
(5-6) becomes clear if we conslder in greater detall those processes
in which the dynamic head of the phase is most important. Such, for
eiample, 18 the process of discharge examined above in Chapter 4,
where the group (5-7) stands out ;s the basic quantitative criterion
of the process. The ccre pattern c¢f two-phase flow in a round tube,
exzamined below in Chapter 6, 1s also such a regime.

In the case of a bubbler in a stagnant heavy phase, the

w!
eriterion ﬁgL-dropa out of the systems (5-2), (5-5), and (5-6).

=0
The geometric features of such a layer are: the effective cross

section '1 of the perforated plate or of the nozzles, the average
depth h! of the layer of the heavy phase and the diametex D; nf the
nozzle orifices.

The volumetric fractior of the 1light phase in the layer 1is re-
lated to the velocities by Formula (1-12)., At Wy = 0, 1t follows
from (1-12) and (1-13) that:

-2 (5-8)

S TN 2 )
-y w (5-9)

The depth of the dynamic layer ("sweliing") is
>
“T= (5"10)

The average depth of the heavy phase may be determined as the
ratio of the volume 1" occupied by that phase in the dynamic layer
to the cross-sectional arez of the bubbler, 4When there 1s no

loss of the heavy phase through the orifices of the nozzles (or of
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the perforated plate), and no bubbling, the quantity h' 1s equal
to the thickness of the layer »f the heavy phase.
It appeurs from the ratios given above that any of the following

quantities may be chosen as the determinable dimensionless character-

istic of the layer:

5-3. Structure of a Two-Phase Dynamic Layer

The structure of a two-phase dynamic layer depends on the
physical properties of both the fluild surrounding the bubbles and
the fluid within the bubbles, on the geometric dimensions of the
bubbler, and on the bubbling rate.

The results of one of a seriles of experiments by S. S. Kuta-
deladze and V. N. Moskvicheva on water bubbling through a layer of
mercury, shown 1p Fig. 5-1, indicate how complicated the structural
changes of the dynamic layer can be,

Curve 1 corresponds to the regime of a discrete (drop-wise) flow

i (1irril i!I'IFjIIII I 1

v - ‘ -

Flgure 5-1, Variation in volumetric fraction of light
component in a water-mercury mixture as a function of
the reference velocity of the water:

~5mm; e =4.5% ,'/," =13.5; h' = 335 mm.

Qorifice
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of water through a layer ofAmercurm

In the vieinity of A there occurs

a sharp change in the structure of

. o “-!
'l‘ ] the layer: the mercury 1s frag-
' mented into separate (mostly large)

: _ "
Pigure 5-2. Function ’(ﬂo) drops suspended in the water

for an 2ir-water m.xture with

small dcpths of layers. stream. The relative velocity of

the water increases, and the water
fraction in the layer decreases.

A further increase in water flow rate again increases the
swelling of *he layér along Curve 2.

In the vicinity of B there 13 arother eritical change due to
high dispersion and entrainmert of mercury trom the layer by the
water stream.

Upon reaching the vicinity of A once the structural change in
the layer has occurred, if we btegin to decrease the water flow rate,

the layer thickness wiil no longer

L decrease along Curve 1, but rather
along Curve 3, i.e., the stubility

of the discrete structure of the

mercury in the layer 1is preserved,

Similarily, after the struc-

—a cural change has occurred in the
vicinity of B, if we reduce the
' fﬁfﬁﬁztgig'rrgizizﬁbggiggegi water flow rate, the layer thick-
g: :hgug:;:gnogftggewgtg;f ness decrensed along Curve 4.
steam '

1) gravimetric level 220 mm;
2) gravimetric level 170 mm;
3) gravimetric level 120 mm;
) gravimetric level 7O mm.
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Structural variations are likewise observed when a g-s is.

:bubbled through a liquid, which 1s indicated by the data of M. Ye.

Pozin and Ye. S. Tumarkina (shown in Fig. 5-2) on the variation of

-

"

I
|

Fig.ce 5-4, Distribution of
volumetric density as a
function of the depth of the
layer of water-mercury mix-

ture. Doririce = 5 ™
v, = 33% X = 13.6;

ht = 404 mm; (1) !3 = 0;
(2) 0.023 m/sec;
(3) = 0,0325 m/sec;
(4) wp = 0.0410 m/sec;
{5) 0.0470 m/sec;
(6) 0.0660 m/sec.

z %1
O= =o==
[} [] [ L]

I1Z )
1}

_ the depth of the layer when water

1s bubbled through a 20% tri-
ethanolamine solution.

The density of the mixture
also varies as & function of th;
depth of the layer. Measurements
of true density in various cross
sections of the two-phase layer

werc carried out by the authors and

their collaborators (Ya. G. Vinokur,

Ye. Z. Miropol'skiy, V. N.

Moskvicheva, and others) by the
method of gamma-ray examination
(see Chapter 10).

The experimental data given
in Figs. 5-3, 5-4, and 5-5 show
that the character of phase dis-
tribution as a function of the
depth of the layer is generally the
same ‘n both a gas-liquid system

and a liquid-liquid system. In

the great buli of the layer, the density 1s practically constant.

Some density increase 1s observed in the vicinity of the discharge

of the 1ight phase from the dispersing orifices.

In the upper part

of the layer we note a decrease in the density of the mixture, while
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in the vicinity of low "38 and correspondingly low values ¢f ¢ the
transition region i1s small for the bulk of the layer (20 to 30 mm).
At high reference velocitles of

the light phase, the transition

| L zone 1s greatly extended upwards
: | and reaches 400 te 500 mm for a
-
i ki 3 steam-water system with wj = 1 to
,4 + B (& 1.5 m/sec and ® = 0.6 to 0.7.
} Figures 5-6 and 5-7 show a
,F“ ] "h' compsarison of values of v deter-
- I# ﬂ mined by the method of gamma-ray

examii.ztion in the diametrical

Pigure 5-5. Distribution of plane of the column and by the
volume density as a function

of the depth of the layer of measurement of the discrepancy
water-CClu mixture,
Dorifice = 5 ™ #) = 4.5%;
_J;_= 1.61; h' = 404 mm; (1) levels of the mixture, The first

between the true and gravimetric

Wo = 0; (2) !a = 0.0146 m/sec; method gives the actual value of
(3) wy = 0.0223 m/sec; (4)
wo - 0.0287 m/sec; (5)

Wy = 0.0395 m/sec.

® in the path of the gamma ray.
By the second method a certain
effective valuc Yef is calculated
for the entire cross sectior of
the bubbler,

In the region of low values of ¢, where accuracy of measurement
18 not grea: (particularly by the method of discrepancy in levels),
ihe discrepancies between the measurements given by the two methods
are inconsistent. In cases where ¢ 1s more significant, this quanti-

ty, as given by gamma-ray examination is 10 td 15% more stable than

the quantities obtained from the discrepancy in levels., Further ex-
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periments by M, A. Styrikovich, Ya. G. Vinokur, 1. S. Steman and
B. A. Dement'ev indicated that even in large diameters (200 to

250 mm) columns with local values of ® in the center of the bubbler

< 3 8y
i85t
1

L]’Lir“iTLir'irui” 2

Pigure 5-6, Comparison of values of ¢ obtained by

different methods, Steam-water system, p = 17 atm.

abs.; (1) from discrepancy of phy3ical and gravi-

metiric level of mixture; (2) grmnra-ray examination
are appreciably higher than in the periphery. Therefore, in deter-
mining ¢ 1t is necessary :to carry out radioscopy in a series of
cross sections, averaging them afterward. Such measurements showed
that the magnitudes of ¢, obtained by gamma-rzy examination and
from the discrepancy between tht physical and gravimetric levels,

cocincide with each other,

¥ TTTTT T
TTI InBa nas
b - ) S - 1
i ! . L :
#[M i 14 I~)
7 I - r 7 W minc

Figure 5-7. Comparison of vzlues of ¢ , obtained
by different methods. Mercury-water sysc<em: (1)
from discrepancy between physical and gravimetric
level of mixture: (2) gamma-ray examination,
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5-4, Effect of Geometric Factors on the Hydrodynamics
. T the lLayer

It.was determined above that the fundamental geometric charac-
teristics of a dynamic layer whose heavy phase 1s stagnant (56 = 0)
are: the diameters gl'of the orifices dispersing the 1ight phase;
their relative cross gecticn ¢; and the reference level of the
heavy phase. The dimensionless values of 91 and h' may be formed by
multiplying these quantities by ‘,_;:";;_1:. |

The extent of the effect of the orifice diameter can be theo-
retically evaluated for the case of tne motion of noninteracting
single bubbles of light phase.

Ir a medium of 1ow viscosity, the relative velocity of these
pubbles is determined by Formula (2-25) or (2-27).

In a regime corresponding to Formula (2-25), the relative

veloelity g; depends on the padiua of “he bubble R. Substituting R

from (5-3)-1nto (2-25), we obtain:

v =128 L. | (5-11)
W =vro,

wWhe. the regime corresponds to Formula (2-27), the quantity

g, does not depend on R.

Thus, we should expect that orifice sicze will not strongly

affect the hydrodynamic charqcteristics of a two-phase layer, partic-
ht

ularly at sufficiently high ratios 5;.
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Pigure 5-8. Relationship between 9 and !5
Mercury-vater system, h' = 425 mm; plate ¥ = 33%

1) series I . (3) series I } - ;
(3] W€ 1 = 20 {3) *%° 1y R = 3 ™

é; series %I }20

5 mm.

2 =

==t

r 3

Figure 5-9. ¢ VS. "-12) Mercury-water system,
plate Dy = 5 mm; h' = 155 mm

13 series I } .
2 " ¢, = 44,5¢ (3) series I
2 Iy 1 M ) 11}61 = 12,%%

() segiea %t}'l . 32,3

Neither should the cross gection of the dispersing device
under theae conditions appreciably influence the structure of the

layer, since the bubbles 111 uf the entire bubble cross section

very rapidly.

)
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Figure 5-10. Effect of refl-
erence heavy-phase level h!
on the hydrodynamics of the
system. (1,2,3) aip-water,
D = 5mm, ¢ = 4.5%
-1 1

!
—%w-aaﬂoo; (4) water-steam
(experiments by Behringer),
p = 2.4 atm, abs.

[ LA
4
v
A0 'n-—
i
> rr r.'ﬁl-—
Figure 5-11, Effect of the

. peference level of the heavy-
phase h' on the hydrodynamics
of an air-water system.

Dy = 1.3 mm; '1 = 1-7:‘;

-;’-,'-,- 2 600.

F-TS-9814/V

Ceréain experimen-al data
given in Figs. 5-8 and 5-9 gene
erally confirm these conclusions.

The reference depth n! of the
heavy phase substantially affects
the hydrodynamics of the layer at
not very great values of %&. The
general tendency 1s that when h!
is reduced the relative average
veleelty !; of the 1light phase 1s
also reduc;d, and the quantity ¥
is accordingly increased.

Experimental data of K. A.
Blinov and A. L. Rabinovich glven
in Pigs. 5-10 and 5-11 show the
character of this relationship
for a gas-liquid system, The
data of Pig. 5-12 illustrate the
same situation for a 1iquid-
1iquid system.

As may be seen from Figs. 5-10
through 5-12, the ir.fluence of the
quantity h' 1s strongly manifest
only in layers of small thickness.
Ir ht 18 inereased, the quantity
v tends -oward some constant value,

all other conditions being equal.
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FPigure 5-12. Effect of the relerence level of the heavy

phase on the hydrodynamics of a mercury-water system,

- ) - oM
= 10 mm; 01-37% -

II

i 2 - s

Figure 5-13. Effect of

the diameter of the bubbler
(tube in which the bubbling
takes plic¢ ' o1 the hydro-
d;namics ot . .ater-steam
system. (1) p = 2.5 atm,
abs.; wy = 0.55 m’sec; (2)

p = 4,0 atm, abs., gs = 0.42

;/sec; (3) p = 1.0 atm. abs.,

| v_v'(') = 0.3 m/sec.
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= 13.6

2o |
3 series I }E' - 155 mm; 8;

series I } "

" oIT 245 mm;

425 mm,

. §

= ==fn m.
=

%

i
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Pigure 5-14, Effect of the
diameter of the bubbler on
the hydrodynamies «i' o waler-
sceam system. (1) p = 18 atm,
abs., gbub = 52 mm,

]
-3"" 210 (experiments by
Behringer); (2) p - 17 atm.
abs., Dyp = 238 mm,

]
—E“- 10 (experimen:s by

Sterman).
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The influence of the diameter of the bubbler can be visualized
by me&ns of the curves 1n Pig. 5-13, plotted aceording to the data

of B. A. Dement'ev and Behringer. As we can see, as the diameter of

H 1] mabage i- l . Zasss
F.. Ll I r! =t ':" =|
L ; il
D L - [\

Pigure 5-15. 3“ vs. v_gg for a xhercury-water syatem,
Do = 5 Mo v = 33%; (1) h' = 425 mm, column I. D.
100; (2) h' = 40k mm; column 100 x 100.

Y
‘the bubbler (or more accurately, the group Qbubv X2 X)) in-
' [ 4

creases, its influence decreases,

The limited nature of the influence of Qbub is also confirmed
by comparison of the data of Behringer and L. S. Sterman, shown in
Fig. 5-14, for bubblers made of tubes 82 =nd 238 mm in diameter.

Pigure 5-15 shows analogous data for a mercury-water system.

5<5. mer;&mental pata on ‘the Relationship Between ¢ and

wb i a Oas-Liquid System

The above-mentioned data on the hydrod;mamics of a two-phase
dynamic layer clearly indicate how complex that process is, We may

say that until recently this circumstance was far from beinp clear

to many experimentiers.
As a result, we must state that until recently the available

Aexperimentr-.l material could not be used as 2 basis Tor obiainirg
generan:ed relations, owing to the insufficlently systematic
character of individucl investigations and the absence of some of

the data necessary for comparing them.

Bubbling of steam through a layer of water is of greal practical
1)
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importance in engineering (condi-

ANE BN T 14»s] tions of hampered circulatlon tn
Lt i LT |
T it O steam-generating tubes, steam
'p"’: et | ]
FT% -+ 1 scrubbing by bubbling, mixing

[ i St 55 S i

SEARN AN EEE|
oA | e |_ 9 "
| - ] tionship between ¢ and Wy when

O TSRS T_T__]__ quuipment, etc.).

Figure 5-16 shows the r2la-

" L 2
steam is bubbled through a con-
Figure 5-16. ¢ vs. v_gs for

 steam bubbling through a siderable layer of water (without

A
82 m; hy,ver = 2,500 mm. experiments.

In these experiments, steam was generated by electric heating
elements located in the lower part of the tdbe. Figs. 5-13 and
5-14 compared these experiments with experiments in which the 1light

phase was fed through a perforated plate. As can be seen, when the

T cEanasliEREEE
L i H. . - ? .
L — i e | L
S el ; Ll N - L]
= Y Bl N i i
_ al
L LI u |
N iz |
L e / Al
g *“-’:’i.‘ha.

Figure 5-17. Ccmparison of
the data of Fig. 5-10 with
data for conditions of

hampered circulation of Figure 5-18. Effect of
water in a vertical steam- pressure on ¢ for steam
generating tube. (1) Tube bubbling through a layer
D= 82 mn, p= 11 atm, abs. of satuvated water,

experiments by Behringer);
2) tube D = 76 mm;

p = 11-12 atm, abs, (experi-
ments by Mochan).
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re 5-19. w!' vs, wq and
Figure 5-19. W, V8. Wq an Figure 5-20. Data on steam

p for steam bubbling through bucbling through water at
a thick layer of saturated high pressures.
water,

ratios -%%-are the same, all the data are in good agreement,

Figure 5-17 compares Berringer's data with S. I. Mochan's data
for conditions of hampered circulation in a vertical steam-generating
tube, Here, also, the experimental points agree well,

Pigure 5-18'shows the relationship between ¢ and the steam
pressure from the dsta in Fig, 5-16. The sharp change in ¢ in the
low-pressure region gives way to a rather weak relationship in the
high-pressure region,

The same data are shown in Fig. 5-19 on W, W, coordinates. The
average relative velocity of the steam within ;he enti.2 range of ga
1nvestigatéd is considerably higner than the free nscent velocitles
of single bubbles and, for practical purposes, increases linearly as
Athe reference velocity of the stemm increases. AS pressure increases,
!; decreases,

) Figure 5-20 shows the relationsbip tesween ¢ and 58 for very high-
pressure steam from T. Kh., Margulova's experimencs. Although these
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data do not. agree quantitatively with Behringer's data (Margulova's
curve for p = 91 atm. abs. lies below Behringert!s curve for p = ldo
atm. abs,), the qualitative picture remains the same,

Considering a sufficiently thick dynamic layer of components of

‘ 4 »
low viscosity, we may disrezard the eriteria - "' = |5
B A *

and ‘—"“‘,_.l.”.' . In such a case, for a bubbler with a zero flow rate

of the ncavy phase, we obtaln from (5-5):

vzv(-; './ '—:;‘- "") (5-12)

Since the quantity ¢ increases with an increase in the velocity

of bubbling "_'5: 1t follows from (5-15) that e decreases 13+t1e with

w t'l T

VERReE

= - l-l- LR '
T Fanunn
L
1 T |centipoise
-1 7n0/'cm .4 ' F ) 9@ ns '
Pigure 5-21. @ vs. @ . Figure 5-22. ¢ V3. s

an increase in the surface tension ¢ . The experiments by M. Ye,

Pozin and Ye. S. Tumarkina shown in Fig. 5-21, qualitatively confiim '

this conclusion,

As may be seen from Fig. 5-22, the experiments carried out by
the same authors also reveal a weak in{luence o° the viscosity of the
heavy phase on ¢ . However, we should keep in mind that in these
.experiment:s the quantities e and ' were varied by introducing

admixtures.

Pigure 5-23 gives the results of the processing of Behringer!s
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experiments on the courdinates of
Relation (5-21).

RS
» 1 .
- The experimental points are
. . YT satisfactorily correlated by a
r reie -
’|'° single curve, The above-mentioned
[]
“ experimental deta of S. I. Mcchan
T B ‘% and L. S. Sterman fall on the same
e
curve,
Pigure 5-23. Data in Flg. In Pig. 5-24 the results of

5-1f on the bubtlirg of

etcam through a thick layer the experiments of T. Kh. Margulova

of saturated water, plotted

on the generalized coordinates are tlotted on the samc system of

of (5-12). (1) p = 1.07 atr.,

abs.; (2 = 2.4 atm, abs.; coordinates,

(3) p =5 atm, abs,; (4) g'.

= 11 atm. abts.; (5) 8 =~ 1
6) p =14

atm. abs.; atr.
abs. + 5%, all points in the given case

Witk a spread nus catecding

_ also fall around a single curve.
However, as already mentioned above, Margulova's data lle sorewhat
lower than the equivalent data of other authors.
The data of Flg. 5-23 are represented in Pig. 5-25 on a logarith-

mic system of coordinates. The straight line drawn through the ex-

perimental points fits the equation.

-outsf e )
(5-13)
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PFigure 5-24, Data of Fig. Pigure 5-25. DNata of Pig.
5-20 on the coordinates of §-23 in a logarithmic system
(5-12), (1) p = 91 atm. of coordinates, Slope of
abs.; (2) 8 =150 atm. abs.; the straight line n= 0,68.
(3) p = 190 atm. abs,

A formula of this type is used only with values of ¢ rather

different from unity (¢ £ 0.7), since as
=

the vaslue ¢ —> 1,

5-6. Effect of Admixtures on the Dynamic Layer
Tn a Jas-Llqulid System —

Very few investigations have been mzde into the case of a
"foaming" liquid in which the densit; distribuiion vari:s as a func-
tion of depth: however, the avalilable data indicate a very great in- ‘
fluence of an increased bubble-shell stability on the oper:ztion of
the dynamic two-phase layer.

In experiments conducted by M. A. Styrikovich and G. G. Bartolomé

with a stezm-water system at atmospheric pressure, the measurements

were carried out wit "technically pure" water, as well as with the
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_ )
' ”“""*’“”"'* F%gurc 5-27, Effect of fraction
of salt in water on the density
__#__L- :"ﬂ of the mixture for steam
~ o~ g bubbling at atmospheric pressure.

h' = 120 mm; (1) wg = 0.32

/, ~, ] = 3 3- []
Pigure 5-26, Sffect of salt m/sc2, Rg = 1,150 m°/m’-hour;

fraction in water on the (2) ga ="0.64 m/sec, Rg = 2,300
density of the mixture for 3 . " . 065 m/
steam bubbling at atmospheric m°/m"~hour; §3) Yo 0%€5 m/sec,
pressure, h' = 120 mm, Rg = 3,060 x°/m”-hour.

!6 = 0,32 m/sec. =

introduction of admixiures to stabilize the bubble shells,
With "technically pure" water, the amount of swelling consis-
tently increased with increase

in the reference steam velocity

ave

b jplaka e al

t-c_n.mh-n.nss iNo 199 [Teste 200 [Tastie 188 Flg. 5-26). As shell stability
D-Z‘l.n;:"";?n- S. ”‘gir";’:‘“i“*'Fiwx ( )
increased, the amount of swelling

inereased over the whole range

of the,investigated ~eference

steam velocities (from 0.25 to

0.85 m/sec). These variations

gtsg;: ?Szgi Vgi:;:t::§1°“ ape comparatively small at a high
:z::? {§2§f192§1ﬁiﬁhh§ggﬁ: reference steam veloclty and in-
gi:gtignagﬁiggz ;2:1:?1: crease considerably at low bubbling
water, , rates. As a result, when shell
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stability is maximum, swelling increases as the referencc steam
velocity declines (Fig. 5-27).

With sttll lower stesm flow rates (v_c; < 0.1 m/sec). a stable
léyer of very light film-cellula{ foam formed on the surface of the
layer, f1lling the whole space, which in a number of exp?riments was
700 to 809 mm high. |

The pattern of density distribulion in the mixture as a function

of the depth of the dynamlc two-phase layer also varies considerably.

When "technically pure" water was used, the portidn of the cress

sectlon occupied by steam had become stablilized at a distance of 20

‘to 30 mm above the perforated plate. Tnis tles in well with the

notion of the bubble rapldly attaining its equlibrium velocity.

Later on, ¢ varled extremely little according to the depth of
the layér, and only at the surface was there cbserved a somewhat 11l-
defined transition from the two-phase layer to steam,

We should point out that this 111-defined reglion increased with
an increase in !;, and that its depth tled in well with the visually
observed regiocn éf agitation on the surface of the two-phase layer,

With an increased stability of the f1lms, the pattern was qual-
jtatively similar in the lower part of the bubbling layer. However,
the absolute magnitude of ¢ was in this case considerably grea%er,
1.e;, the relatlive velocitylof the steam was considerably lower,
evidently owing to the smaller bubble size (this 1s precisely what
was observed visually). In this region, as with "pure" water alsc,
¢ increased with an increase ln ga.

. In fhe upper part of the layer, the bubbles emerging cn the
surface burst alowly, As a result of this, a layer highly enriched

with bubbles, and which only gradually released the water, aggregated
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near the surface, In the region of the visible level, on whose sur-
face the agitation was considerably less than with technically pure
water, the average fraction of steam was as high as 95 to 984 (Fig.
5128) and declined almost linearly at deeper levels in the layer.
The developed region of "retarded” bubble motlon extended to a
great depth (down to 300 mm from the visible surface of the layer)
and almost reached the perforated plate when the layer thickness was
small, .

5-T.. Experimentzl Data on the Relationship Between

¢ and !a in a Liquid-Liquid System

The bubbling of a liquid through a J1quid was never investigated
until recently, A serles of systematic data on this matier nas been
obtained only in the last i'ew years, We will discuss here only some
generzl information on this process,

AS we can see by comparing Figs. 5-1 and 5-16 for water bubbling
through a stagnant layer of mercury, a considerably more complex re-
lationship between the density of the dynamic layer and the reference

velocity of the 1light phase applies than for steam bubbling through

a stagnaht layer of water,

However, we must keep in mind that the liquid-gas system has not
yet been investigated 1in sufficient detail either; and, for example,
the experiments shown in Fig. 5-2 also reveal that the fuuction
v (wp) 1s ronmonotonie,

Besides, the admixtures of sur’ace-active subitances may arrect.
the 11quid-1iquid system as well, _

Qualitatively, the influence of & number of factors on the
hydrodynamics of & two-phase layer is the same for a liquid-liquid

system as for a gas=-1iquid system.
1]
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Figure 5-29. ¢ vs. v_xa Plate D, = 5 mm;

(2

"
)

- 24,68 bt = 335 mm; (1) Ty = 13.6;
27 = 1.61.

Comparison of data in Figs. 5-10 to 5-12 shknws that in all °

cases with low reference levels h' of the heavy phase, "swelling" of

the layer 1s greater than at high values of h',

The influence of the other geometrica¥ factors I_)l and 01 is

also qualitatively the same in all cases. However, an inconsistency

in the values of ¢ on the gener-

alized coordinates of (5-12) is

[ 11
7 i revealed,
e Figure 5-29 shows the rela-
X + | t1ons e(wg) for u carbon tetra-
2= =1 chloride-water system and
LT VL
] i7 mercury-water system with iden-
tical absolute geometrical para-
Figure 5- 0. ¥ Vi. Wy : lgl'_ meters of the layer,
' Plate Do = 5 mn; '1 = 24,06; The same data are plot:ed in
335 mm: (1) —- = 13.9; Fig. 5-30 on the coordinates of
(2) "— = 1.61. (5-12). The experimental polnts

P-TS-9314 4
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different in character from the corresponding curve'for a ateam-~
water mixture shown in Pig. 5 23. These curves coineide only within
the range of small values of Wy ‘/1’__1: (< 0.15). Within the

‘ ’
range of values of ga l/ Li?_- ;g 0.1, the curve in Fig. 5-30 be-
gins to rise sharply, as compared to the curve in Pig. 5-23.

The avallable experamental data are thus far still {nsufficient

for a rellable analysis of the causes of that deviation.

5-8, Dynamic_Layer with Crossflcw of Phases

Figure 5-31 shows a diagram of a gas or varor being scrubbed by
bubbling through a stream of
1iquid. The gas is fed under the

perforated plate along which a

relatively thin layer of 1liquid

Vaper

flows.
Pigure 5-31. piagram of a " An experimental investigation
gas or vapor scrubbed by
bubbling through a stream of such a system was carried out
of liquid.

by A. P. Turovskiy by bubbling
air at atmospheric pressure thy ugh water,

The depth of the dynamic Jayer in the given case depends on the
geometry of the perforated plate (D;, 01), the height of the over-
flow weir h .40 and the 1iquid and gas flow rates,

At a glven 1iquid flow rate, the dynamic layer "gwells" with an.
1ncrease in gas flow rate only up to a definite magnitude. Further
vawelling" ceases a3 part of the 1iquid layer flows OVer the welr,
This phenomenon 1s reflected in the experimental data shown in Fig.

5-32.
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The density of the layer

7 FREEEETEA NG

¥ - ok

varies continuously with an in-

+=| cpease in ya (Pig. 5-33). In this

| i H-1+1h
:E i | case, as in the case of a layer
’ 3 7 | 2

with a stagnant heavy phase, the

Figure 5-32. Vartation in the influence of the geometric factors
depth of a two-phase layer as

2 function of the average air D, and ¢, 1s weak. .
velocity in the ovifices of ,

the perforated plate., Welr In very thin layers (5 to 10
height h = 52 mm; liquid

~welr 3
flow ~gte 10.€ m’/m « hr:

(1) Dy =5mm ¢ = 2.2%; of hubbles uie formed above each
(2) Dy = 5 mm; ) = 4%; (3)
Do = 10 mm; e, = 4.36%.

mm) at small !8' spherical caps

orifice, and, at high gas v:loc-
ities, craters are f-vm il above

the orifices.

kg2 ] I117
; Jpene
o2 1]

o3

()

1 K ' §

: LI LI TT
‘ b [ 6 ;§¢i

Figure 5-33, Variation in specific gravity of the alr-
- water mixture, as a function of the reference velocity

of the air. 3

Noip = 52 ™ water flow rate 10.8 m’/m - hr; (1)

90 = 5 mm, ) - 17%; (2) 90 = 10 mm, ’1 = 4,36%;
(3) 20 = 5 mm, '1 = 2,26; (u) I_)o = 5 mm, ’1 - U%;
(5) Dy = 10 mm, ¢, = 17%.
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CHAPTER SIX
TWO-PHASE FLOW IN CIRCULAR TUBES

‘6-1. Q@eneral Information

In general, a two-phase flow in tubes 1s determined by a system
of dimencionless parameters alreudy discussed in the previous
chapters. The most Important parameters are:

(a) the true relative volumetric fraction of light vhase ¢ ;

%o

(b) the volumetric flow fractio:"of the light phase § = gg—:rﬁs—
or the ratio of velocitles 52;
<0 .
h |
(c) the relative density of the phases —
2 ¥ "
w

(d) *the criterion ——;

. o
(e) the criterion W-ﬁ-"-)-.le

In a two-phase flow, the total-pressure drop along the tube 1s,

as usual, the sum of:

(a) head losses due to friction and local resistances;

(b) hydrostatic pressure of the column of mixture;

(c) energy losses due to zcceleration of the flow (eitheir owing
to the expansion of the gaseous component or to vapori:ation.
in the case of the flow of a vapor-liquid mixture).

In flow in hor‘:ont:zl or inclined tubes, the heavy phase, under

the action of gravity, tends to transfer to the lower part of the
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tube. This phenomenon causes an asymmetry in the flow of mixture and

impairs the heat joss in the upper half of the tube when 1t 18

slightly wetted by the 1iquid phase.

In flow in a vertical tube,

there may be reverse currents (also due to gravity) in the liquid

ring that usually forms near the tube wall.

these effects apper™ depends in the first place on the
1,e,, 1is

the kinetic energyzof the stream and gravity,
e

Ly the parameter Ei-or other criteria derived from 1iv.

'T“3 4 b4 —__ a - e t
™:e parometer Tone and the wettabllity of the

The degrée to which

ratid between

characterized

tube walli

substantially influence the geructure of the uixture (1.e., the

dimensions of the discre-e phase elements: bubvles, drops, £ilms).

This latter influence {s very sirong.

el

Figure o-1. Phouogréphs of the motion
mixzure in ver<iczl

.
-
L]
o "
....—-—-,-
1"

2

Nan¥

T )

l."

of a ste~m.water

-ubes, From left <o right are shown

tubes with gradually inereasing {rzcilons of steam.

when the 1liquid wets <he tube wall, the

gas

+ends to move in

the

center of the siream, and the great bulk of the liquid component con-

centrates around the tube walls, In <his nase, at small val

ues of B,

the gas moves in <he fom: of sepurate bubbles, small &t vhe beginning

|}
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and later larger as the'relative éas {flow rate increases, At low
pressures, the so-called "slug” motion in this case arises when huge
gas bubbles, which at times occupy the entire cross section of

the tube and may be from several tens of centimeters up to meters
long, burst in the 1liquid strzam. Each such "slug" is followed by
a series of relatively small bubbles.

At the same time the bulk of the.1liquid is pressed more and more
strongly against the tube walls, and finally a continuous stream of
a true gas-liquid emulsion 1is formed in the center of the tube,
which, as ob;erved through a glass wall, often seems to occupy the
whole cross section of the tube, )

Purther increase 1in gas flow rate leads to the disappearance of
the emulsion and to a central motion of the gas Jet with a portion
of the 1ligquid component dispersed in 1t. A considerable portion of
the liquid in this case moves along the tube wall in .the form of a
well-defined annular film,

In the case of a liquld that does not wet the tute walls (such
&8 mercury in a ;teel or glass tube), the pattern of motion is re-
versed--1.e,, gas bubbles break up between the tube wall and the
1liquid streanm, finally forming a more-or-less well-defined tubular
layer of gas in whose center moves the strongly pulsating liqvid Jet.

A further increase in relative gas flow rate results in a com-
plete dispersion of the 1iquid phase, At a considerable relative

"
density of the gas -{%r, and with 1i:tle surface tension (which 1s the

‘case, for exampie, with the motion of a vapor-water mixture at high

pressure), the main type of flow of the mixture Is an emulsion regime.
As we already mentioned, in <he case of the motion of & gas-

1iquid mixture in 2 horizontal or slightly inclined tube with small

]
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fractions of gas, we observe a well-defined asymmetry in the flow
velocities affecting the d1stribution of the components along the
eross section of the stream. The liquid component, under the in-

fluence of gravity, concentrates mainly in the lower part of the tube.

_Aa 2 result of this, wetting of the upper part of the tube is im-

paired and sometimes even becomes periodical.

Figure 6-3. Various forms of
motion of a gas-liquid mixture
in tubes, The flow rates of

Figure 6-2. Fhotogrraph of the mixtures are the same;
the motion ol a vapor- g (1) vertical tube; (2) hori-
mercury mixture in a tube. zontal tube; (3-65 motion in
Dark spots: 1iquid mercury; a horizontal tube at various
1ight spots: mercury vapor. velocities of the mixture.

Pigures 6-1, 5-2, and 6-3 show photographs of various flow
regimes for a gas-11quid mixture, from data obtained at the TsKTI
/Central gelentific Research Institute for Boilers and “aubineg/ and
ENIN Zinstitute of Power Engineering (im. G. M. Krzhizhanovskiyl7
by V. V. Pomerantsev, s. N. Syrkin, A. N, Lozhkin, S. I. Kosterin,
and L. Yu. Krasyakova, A charucterisile feaiure of these flow
regimes is the mobility of the interface, in most ccses accompanied

by wave formation.

1]
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6-2. Flcw Regimes in a Gas-Liquid Mixture 1in Straight Tubes

As has already been shown above, the flow regimes of a gas-
1iquid mixture in tubes vary greaély and depend basically on the flow
velocity, the voiumetrlc fraction of gas in the stream, and the
relative density of the phases. In this section, we shall examine
in more detall the flow regimes observed in mixtures whose liquid.
phases wet the tube wall. This investigation 1s based on observations
of 4he flow of ulr-water and steam-water mixturus, 1.e., systems in
which the 11quid component has low viscosity.

At moderate veloclitles of the mixture, the effect of gravity 1s
very pronounced, and the flow regime depends appreciably on the
slope of the tube uxis with reference to the horizontal plane. In
this case, even small deviations of the tube from the vertical upset
the axial symmetry of the phase distribution in the cross sectlon
of the tube. _

At small rlow.velocitics in horizontal or slightly inclined
tubes, the flow m1y become completely stratified. But at very high
velocities of the mixture, the phase distribution in the cross
section approaches axial-symmetri: distribution, even in wavrtzontal
tubes.

let us first consider flow regimes in vertlcal tubes at high
values of __7.:'_ (such us un air-water mixture at pe1latm. abs.).

In‘VertiZal tubes, with a low velocity of the gas-water mixture
and reduced gus content, the bubbles are relatively small--from one
to several millimeters 'n dlameter--and are almost uniformly dis-
tributed in the whole cross section of the tube. Such a regime is
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called emulsion flow.

With an increase in the fraction of gas, the bubbles begin to
" coalesce anrd finally occupy the whole centra; part of the cross
section of the tube, sometimes atyaining a length of 1 m or more.
Such a long bubble 1s separated from the tube wall by a tﬁin layer
of water and 1ts heud has the shape of an ellipsoid, while the rear
part 1s almost flatly truncated, giving it a resemblance to an
artillery projectile. Because of this, such a flow regime in the-
mixture 1s usually called a "slug" regime.

A further increase in the fraction of gas results in an 1lncrease
in the length of the "slug" and the water seals between the "slugs"”
become thinner and thinner, until finally the individrz' "zlnge”
coalesce into u contlnuous column of gas ("core") surroundec by 2
water ring ("core"flow regime). The thickness of the water ring
depends on the quuntity of water flowing through fhe tube per unit
of time, as weil as on gas flow rate. At a high reference gas vel-
ocity, the gas streim sweeps a considerable portion of the water
ffom the wall and entr: lus .. 1n the form of separate drops. Some-
times only a very small part of the water remains on the wall, moving
on it at a velocity cons derably lewer than the average gas veloéity.

At atmospheric pr.o= e _‘!_'_ 2 800) a core flow regune was
obtserved only a* very high refelgnce gas velocities {"5-20 m/sec) and
8t 8 relativelr low wa‘er Tlow rate, Tie slug resime is the main
type of resime Cor alr-sir 81c ard stesm-wa‘er mixtures, and
emrraces 8 wide variet)y of flows,

At high gas densitles, rlow regimes have been investigated only
in steam-water miitures. Kith‘increasing pressure in the steam-wzter
mixture, the range of the emulsion flow regime increases considerzbly
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and the range of slug f;ow regime decreases correspondingly. At a

pressure of 30 atm. abs. | J!% 5 60), the typlcal slug regime 1s almost
absent, and at a higher traczion of steam (more than 80% by volume)

we observe only a mired siug-emulsion regime. In this case, the

tube 1s filled with numerous small steam bubbles through which break

the remainder of the heads of separate large btubbles ("slugs"), accom- .
panied by the bulk of the small bubbles.

At a pressure of the order of 100 atm. abs. (X =13), the slug
regime disappears completely, and with an 1ncrease71n the steam
fraction, the emulsion regime apparently fturns directly into a core
regime (at a very high fraction of steam--above 5%% by volume, *.e.,
about CO% by welght aut this pressure). In this case we ohserve 2 flow
regime charactérized by the presence of a'thin water film on the
tube surfuce, =nd by the entruinment of a considerable :.rt of the
water by the central steum Jet.

PFor steepl& inclined tubes whose uiis forms 3n angle of more
than 30 to +0° with the hori:ontal plane, flow regimes have.been
investigated ver& l1ittle, but apparently they are very similar to the
flow regimes in vertical tubes, differing mainly by a certain
asymmetry re.ulting from the fact that the bubbles are sjueezed
against the upper generatris of the tude. Besides, ac hal beuu
established by measurement of the absorption of gammz ra~lstion, the
relative veloclity of steam (gas) in inclined tubes 1s higher than in
horizonts:l snd vertical tubes ( ®yp .y Pyert < ’hori:)’ '

;n slightly inclined or hori:ontzl tubes asymmetry occurs
particularly at very low velocitlies of the mixture. Nonuniformity in
the distribution of steam and 11quid in the cross section of the tube

1s characterlstic of 211 flow regimes for u gas-l1ijuid mixture in
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horizontal tubes, At low flow velocities, this nonuriform distridbu-
tion of steam and liquid in the cross section of the tube may go 80
r§r as to separate the two phases completely (the so-called stratified
or trough flow).

In spite of the fact that in horizontal tubes the buoyant force
causing the bubbles ﬁc rise is perpendicular to the direction of the
main motion of the stream, in almost all regimes thc relative
velocity of steam is high, i.e,, the averagé velocity cf steam ap-
precizbly exceeds the average velocity of water,

The only exception is the stratified flow regime with a very
low fraction of steam, when the steam, occupying a small part of the
cross section in the upper part of the tube, wets a condiaeiridie part
of the tube perimeter, Therefore, the hydraulic diameter of a steam
Jet is conslderubly smaller than in the case of water Jets, and the
velocity of the steam jct is correspondingly reduced and may (partic-
ularly at high pressures, when the densities of steam and water are
not very different) even be less than the average velocity of the
water.

When the velocity of the mixture in horizontal tubes is in-
creased, stratified flow turns into a slug flow with a well-defined
aaymmétry (the 1iquid ring 1s thicker in the lower part of the tube).
With a further lncrease in the velocity of the mixture a.d with
moderate gas fractions, the *slugs" begin Lo break up and the flow
approaches an emulsion regime, 2189 characterized by 2 considerabdble

nonuniformity in the phase distribution according to the depth of

the cross section,
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When the gas fraction is large, there 1s an increase in the
range of mixture velocities at which a stratified regime 1s observed,
and at very high values of #( > 0.9 to 0.95) when there is an in-

erease in the mixture velccity, the stratified flow turns directly

into a core flow.

1o oid——41= lﬁlw
T ALy

= 4 ’ '—"4-‘ - b s
= AL —,115-4,»4;,.:«:1
I S W, A s
y ff,"‘ &, ¢ 7 ’:':':
’ 2 b, i - 11 AL -
v~ H L '

fu WStonmr @ H7I0 nn B ":,

L Tube D | - " - e

/ £ O

W nbkCwEY . 3 ) s iitiie &
U2 £ 890705 0. F

Figure 0-%, Flow regimes in an 2ir-wazter mixture 2t
atmospheric pressure In horizontial round tubes,

(1) pivided rlow; (2) smooth plug flow; (3) plug <low
with foaming behind bubble; (4) plug rlow with
foaming along the entire boundary; Tﬁ) sterdy flow in
form of emulsion; (v) annular flow,
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This is well marked in Fig. 6-4, which shows the influence of
the velocity of the mixture (v, = yé + !;) and of B on the Tlow
regime, as visually observed at the ENIN [institute of Power Engine-
ering (im. G. M. Krzhizhanovskiy)/ (Kosterin, Teletov). The increase
in the tube digmeter results in a change in the values of W at
which transitlon from siratified flow to slug flow 1s observed \at
low B, Y‘-m,cr‘”o'?' m/sec for a tube of D = 26 mm, and almost 1 m/_sec
for a tuSe of D = 100 mm) .

No direct observations of flow regimes in horizontal tubes
have been made at increased pressures, and undeb such conditions
we can visualize the flow regimes only through.data obtained from
investigations on the heat transfer from tube walls to steam-water
mixtures. Such e.periments were carried out at pressures of 1 atm.
abs. ( —":"r'rxl,('SO) and up to 720 atm. abs. ( _7_:'z2) in steam-wzter
mixtures. . !

It has been established that at low pressures (close to 1 atm.
abs.) sudden vnriations in the rate of heat transer were observed
in the vicinity of 2 slug regime, with periods equal to the period
of passage of the "slugs"; at the sameé time fluctuations in pressure
drcp were also observed. At higher pressures (20 to 220 atm. abs.)
no periodic fluctuations of the wall temperature were noticed. Ve may
therefore assume thnat In norizontal tubes a pressure rize in the
steam-water mixture will lead to thec disappearance of the "slug"
regime. With un {nerease 1n mixture velocity at high pressures,
Qtratiried resime turns directly into emulsion regime, and afterward
into z core regime. This is also confirmed by the -aurzoter or s:lt

deposits on the surface of the heated tubes.
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Quantitative data on the distribution of both phases in the
cross section of the tube at-“he verious flow regimes in a gas-liquid
mixture are meager, and such data cover, as a rule, only alr-water
mixtures at room temperature and'atmospheric pressure,

Figure 6-5 shows the distribution of both phases according to
the depth of “he cross section of the tube, as obtained by A. A.
Armand by means of a special device consisting of a knife which can
be shifted up and down and which cuts the siream into two par.s “
directed into two different separators, Thus, it was possible <o
measure the fraction of a»ir and water both in the upper and in the

lower part of the tube cross section.

P

LA g LU

Figure 6-5, Phase dis:iribuction in the flow of an alr-
water mixture ::: ctmospheric pressure in a horizon:ial
tube of D = 20 mm. =xperimen: No. l: @' = 4,200 kg/hr,

g" = 22,3 kg/hr; experiment No. 2: @' = 4,200 kg/hr,
@" = 6.0 kg/hr; experimen: No. 3: @' = 4,200 kg/hr,
@" = 4,56 kg/hr; experiment No. 4: @' = 4,200 kg/hr,
@" = 0.33 kg/hr.

w
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In Plg. 6-5, the height from the lower generatrix of a tube with
an inside dlameter of 26 mm 1s laid off on the ordinate, and the
ratios of the local vzlues of the velocity of the alir-water mixture
and of the reference velocities qf the air and of the water to the
average mixture velocity are laid off on the abscissa. All three
[81c 7 graphs were obtained at a constant and rather high water flow
rate gé-- 2.2 m/sec, but with different volumetric air flow fractions
of 8. ‘

As may be seen Crom the graphs in Fig. €-5, at a small value of
(8 = 6.2%) all the air moves in the very upper nart of the tube and
the profile of the velocity fleld differs relatively little from the
case of motlion of pure wuter in a tube.

If the volumetric air fraction increases up to g8 = 7.5%, the
long air bubbles ("slugs") occupy a considerable part of the cross
gsection of the tube, and only in the lovwest part of the cross section
-does almost pure wiater flow. At B = 81.5% the distributic. of air
and water over the height of the cross section is comparatively
unform. With sucﬁ high fractions of gas and sizable velocities of
the mixture (in the e.periment with 8 = 81.5%, the velocity of the
micture was more than 10 m/sec), the motion of the gas-1ijuid mixture
approaches axially symmetric motion, and the flow regluc in aorizontal
tubes différé,little from the ragime existing in verticsl itubes.

Figure (-6 show: variation in the dynami: and total head
of the sfream over the .ross section of 3 horizontal %ube, obtained
in experiments carried out by L. Yu. Krasyakova by means of a vel-
ocity tube that can move up and dowr. the tube (ross section. The
esperiments were carried out a2t low reference velocities of the

water (gé = 0.1 m/sec) and with very high fractions
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of air {8 = 99.4 to 99.8%), 1.e.,

with 'a pure core regime,

‘ As may be seen from the
[ T 1= Aggffjfd 1 graphs, even at relatively high
- T
Oor"we ~99) tokal heed \fmeps reference velocities of air the
stream still remains considerably

Figure 6-6, Field of | asymmetric. The lower part of the
dynamic heads in a hori- :
zontal tube, Alr-water water ring 1is considerably
mixture: p = 1 atm, abs,;
Wy = 0.2 m/sec; !6 = 27.4 thicker, and there 1is in this zone
m/sec, a well-defined second veloeity

head maximum,

The stream becomes almost axially symmetric only at veiry ilgh
reference air velocitles (ga = 46 m/sec), and there 1s little
thickening of the water ring at the lower generatrix.

Since in these experiments concentration of gas and water was
not measured simultaneously in the whole cross section of the tube
it 1s not possib{e to convert the fields of dynamic heads into

velocity ficlds directly.

6-3. Symmetrical Laminar Flow of a Liquid Layer

The number of different types of flows in a fwo-phaue stream
which at the present time may be systematically analyzed is extremely
limited, At the same :ime, the flows being computed are very
Schematic‘and not very close to the corresponding forms of actual
streams, Nevertheless, thelr theoretical analysis has great value for
gaining knowledge since 1t affords a sufficiently accurate explana-

tion of physical laws underlying the influence of different stream
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Figurs 6-7. Disgram of
core motion of 2 mixture.

parameters on the streaz's funda-

mental hydraulic characteristies,
In this connection, an in-
vestigation of the f{lcw of a mix-
ture with a symmetrical liquid
£ilm is extremely useful, although
such a flow takes place, in
reality, only at very high frac-
tions of gas in the mixture, The
firs: studies along these lines

were carried out simultaneously

and independently by A. A. Armand and S. S. Kutateladze. A model

for the "slug" flow of a mixture was investigated by V. A. Schwab

(Shvab) and N. N, Konstantinov.

Let us consider a mixture of a gas with a very viscous liquid

at gas flow velocitles so high that all the liquid is concentrated

around the tube walls in the form of 2 symmetrical film (Fig. 6-7).

As a result of high viscosity, the film flows in a laminar fashion,

and as a result of the high velocity of the gas, frictional resist-

ance 1s much greater than the force of gravity.

Under the indicated conditlons, the ordinary paratolic law of

velocity distribution applies to the liquid film:

Vm— éﬁ‘: (R:—.R‘). (6-1)

d
where ﬁgs [kg-force/hem 13 pressure loss due %o friction;

o

R |m] are +ne inside radius of the tube and the

radius of interest.
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'wne average flow velocity of the 1liquid in the £11m is

. -'-‘-——’-—— "R‘R-
Ro-9 o (6-2)

It i3 assumed here that all of the 1iquid component of the

mixture is concentrated in the £1lm and, consequently,
. _
(%) (6-3)

in which Bb {s the radius of the film at the boundary with the gas

Jet.
Substituting the value of w' from (6-1) into (6-2), and noting

that
(1-9)¥=x, (6-4)
we obtain:
i o';"% ' (6-5)

where D = 250 1s the inside diameter of tha tube.

At @ = O we obtain the familiar formula for a homogeneous

atream:

- (‘_1_). -2y (6-6)
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hence,

e | (6-7)

or

' -.u_‘/?. (6-8)

The pressure over the cross sectinn of the mixture 1s constant,
Therefore, considering the flow of the gas Jet inside the 1iquid

ring as analogous to flow in an ordinary tube, we may write:

_.ﬂ.-('.ﬁ. 6-9
R~ Tk - (6-9)
in which {" 1s the coefficient of friction of the gas against the

film,
On the other hand, the relative velocity of the gas 1s

';--"3--;. 16-10)

Substituting here the value of the velocity of the 1liquid on the

film surface Wi, as calculated according to Formula (6-1) at

R= 130 v ¢ , we obtain:

0 (1=9).

J.

[ ]
-|8.
+
St
fle
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or, taking into account (6-5):

By combining Formulas (6-6) and (6-9), we have:

s | -t I.':D \
.o wenY,

or, taking into account that the friction coefficient wh-: :.

geneous laminar stream flows in a tube 1s

(.3

where, in the given instance,

..'- _.

we obtain:

F-TS-9814/V 134

(6-11)

]

;{..Tmo-

(6-12)

(6-13)

(6-14)




1
this formula 13 of general significance since i1t 1s valid for lam-

inar as well as for turbulent flow of phases.
Substituting into (6-14) the value of ¥" from (6-11) and £
. r

from (6-12), we have: ] _ |

b  creefs Y .
(3 (6-15)

Further, combining Formulas (6-7) znd (6-15), we find that

HE/ DI E o9

In the case of a turbulent flow in a gas Jet, which also.takes
place under actual cond!tions, " << 1. The quantity 0* is close
to unity even at comparatively small ¢ . The maximur value of Re'
in laminar flow 1s spproximatel. 2,000, Hence, 1t 1s not difficult

to compute that,at low and medium pressures,

For these conditions, with sufficlent accuracy
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Soealt) —

% [
1=y “ | (6-18)

Table 6-1. Calculations of the Characteristics of
a Two-Phase Stream with a Symmetrical Laminar Liquid

Layer at

o _ %

-

. t-v

0{0.16 o.zdo.udo.s%'o.'zulc).eoo.go .95 0.97| 0.98]0.990.995

L4
‘%.. 1[1.42 2.Oq3.1&1&5.65-1-'$.€ 25 | 100 toop 1'1032 5-1031 10%4-10
O

[

.'3|/S'-:L.‘-'{l'o 0.1210.300. 701 . 272 543,80 b 32 | 49 |99 [poo
1 .

[

Thus, under the indicated conditions, '¥ and

2o
‘Qu.

are single-valued functions of the group

wi{d

which 1s s specitic combi: ution of eriteria describing the relation-
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e e = e meomm s Sy

ship between the xinetic energles of the phases, their frictlion at

the boundary, and the viscous eriction within the liquid phase film,

Formuia (- 1() also shows the relationahip between the effect

of the criteri: -—‘/ T and ﬁ

di

of a two-phase flow a3 ® and B,
'

.%f l
, %, /
SRnNELD
A A B
Figure ¢-8. @ vs. L XY AL
L] “w

from theoretical calcu-
lation.

L
v

on such hydraullc characteristics

As may be seen, the inde-
pendent Influence of the relative
density 6f the phases -;:-becomes
apparent only at rather hign
values of this criterion. The
mechanism of this effect 1s due to
the fact that under *+er2 condl-
tions the relative velocity of the
phases begina to be substantially

different from the reference .as

velocity. At sufficlently low"

., the densitlaes of the phases for practical purposes influence the

hydrodyn:mi:s of the two-phase flow only through the relctionshlp

'*i'; bl

T

[ 4
Flgure ¢-9. log M_ vs,
'vS

[, [Ewy g
log (;:‘/————“l, ) from

theoretical culralation,
1

between the kinetic energles of the

phases and through other criteria

”

into which v' ana ¥ enter sepa-
rately or Jointly, wut in combina-
tion with 2 third quantity (such

[ ]
as m——
(l'-r')l')
Table (-1 shows the results

of caleulations by Formulas (€-7)

and (€-18).
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The data of this table are pletted in the Figs. 6-8 ana 6-9. As
may be seen, pressure losses inerease very rapidly with an increase
in the relative flow fraction of gas in the mixture, The true '
rélative fraction of gas in the m;xture increases with an increase in

the flow Iraction of gas very sharply at the beginning, and later

very slowly.
Within the region 0< —‘/ t'Re"L<3 the loss of head 1s

prcportional, on the average, Lo approximately the 1.3 power of this

group.
S ey ‘
When ':."/ ¢ RC’-IT>8 , the quantity » eapproaches unity, and

_*_'-_zc.u. =)' 161
o W (3 (6-29)

6-4. The Re! and Re" Numbers as Charac teristics of the
Phiase-Flow Regime in an Annular Liquid Film

The equivalent hydraulic diameter of a 1iquid ring wetting the

wall unilaterally 1s

D;‘rDﬂ—ﬂ; (6-20)
accordingly, the Reynolds number of such a ring

‘D, P .
Re' = .. - (6-21)
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Theréfore, the flow regime of the liquid phase may be determined by
the same limits of Re = Re! as for the flow of a homogeneous liquid.

For the gas Jet

n.--ig.ﬁ-_f"s., (6-22)

vve

= Since the quantity ¢ approaches unity even at low values of
w : .
5$. the flow regime of the gas stream may be rather accurately

=Q .

described by the parameter.

oD (6-222a)

6-5. erimental Data on Head Losses in a Two-Phase Flow
with a Laminar Layer ol Liquid

Let us examine the experimental data obtained by Martinelll,
f Bolter, Taylor, Thomson, and Morrison. These experiments were con-
ducted in a glass tube, D = 25.4 mm,

The component characteristics of the investigated miziures
are given in Table 6-2, .

Data on the range of changes in criteria for each series of
“experimen.s are given in Table 6-3.

It is apparent that, for practical purposes, only the quantity

7 .
-;T-remains constant in these experiments, All other criteria vary
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Table 6-2. Characteristics of the Investigatea Medla

- s' 210" | ¢ +103

Liquid gas | p, atm.abs. [ t° C |7 ,kg,/m3 kg-sec/m? | kg/m

Water Alr 1.28 " 15.6 1000 1.03 7.5
Wwater + Nekall " 1.26 26.6 1000 0.80 3.12
Kerosene " 1.26 25.6 830 1.9 2.86
Diesel o1l " 1.26 26,6 867 4,56 '2.7“
Mixture No. 1| " 1.26 28.4 )901 38.5 2.91
Mixture No. 2| " 1.26 29.5 913 113.5 3.00
Petroleum "3"| " | 1.26 29.5 912 245 3.11

within an exceedingly wide range. On the basis of theae n»iter!a,
we may evaluate to what extent each criterion affects the law of
resistance.

Figurg 6-10 shows the dependence of quantity g’-%"- on the
ecriteria §$ and Re' at a practically constant value of tQ; eri‘erion

w'2 ¥o

"Fr = -Qu The lcss of head is found to be strongly dependent on the

ratio of the reference velccities of the phases, as well as on the
Re! number of the }iquid.
In Fig. 6-11 the same data are presented 1n the form of 2

relationship between j%;!!ﬂ xnd the group ‘/ .gjL In zood
»e
agresment with the above-3tated theory, all the etperiﬂental points

fall along a single line.

In Fig. 6-12, data from the whole series of experiments are

plotted on the same coordinates.
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Table 6-3, Experimental Data

” " "
' 2] ¥o | Yo n _ ¥oD
Liquid Re' - E’g Fr = !o w_é q Re = -—,w
T |
min, |[max, nax,
Petroleum "B" 4,8 0.01 | 12.6 790 70 000
"oy -3 9.6 0.04 6.2 |345 63 000
Y/Y =1.43-10 19 0.15 0 |128 45 000
"o 28 0.33 0 76 40 000
s/ u =0.075 47 0.96 0 15 14 000
57 1.4 9.7 | 9.7| 10 000
Mixtura No. 2 (Diezel 110 0.0096} 51 846 75 000
0il + petroleum) 21 0.4 32 345 62 000
" 4 0.16 3.5 [165 60 000
vy /v =1.43.103 60 0.33 z.h 112 59 000
. 123 1.5 1.2 | 4 46 000
s/ =0.102 164 2.5 9.6 | 1 "4 900
204 g.au 0.8 | 4.7] 14 000
306 7 0.6 | 0.6 1 700
Mixture No. 1 (Dlesel 32 0.01 5.8 |870 79 000
01l + petroleur) 64 0.04 5.8 470 85 000
0 . 160 0.25 2.4 |174 79 V0O -
Y/v =1.44 .10"3 256 n.64 | 1.47|109 79 000
"oy 334 1.44 0 57 62 000
/8 =0.505 640 4,0 0 25 45 000
' 860 9.0 0 7.41 20 000
1280 16.0 0 2.8| 10 oco
Water 1080 0.008 |557 970 81 000
v'/v' 21,5 . 1073
2"/ 0 =17.9
Kerosene 1210 0.047 | 39 438 8€ 000
1l'/ 1! - 1.57 N 1/\'3
w/u'=9.6
Diesel o011 940 0.1c 62 259 95 000
v/ =1.5 . 107"
[ u"/u' = 1.0 1880 0.65 |10 {130 95 000
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. .. .
As can be seen, when -: Re'-}—('lo the experimentzl points

clearly begln to- group according to the Froude numbers. Evidently,
flow asymmetry and wave formation at the interface become substantial

in this area. In the oume figure, the dotted 1iinc indicates the

I
==
I=
f=n
b
i~m
) L JHH e
Pigurce v-10. Given dx'a(;
W
coefficient, t;) vs. # Pigure 5-11. Group Re*
2 .
from experiments with laminur vs, !-' / ll’-f-n'
flow of = 1iquid layer, (1) % LA
petroleum "B"' (Re = 9.0, (1) Pexrolieum "g" (Re = 9.9,
Pr = 0.04); (2) Mixture ko, Fr = 0.05); (2) Mixture 1.
1 (Re = 6%, Pr = 0.04); (3) 1 (Re = 1050, Fr = 0.01);
water (Re = 1080, Pr = 0.01): (4) Mixture Mo, 2 (Re = 21,
(4) Mixture No, 2 (Re = 21, Fr = 0.04); (5) Kerosene
Fr = 5

0.04); () Kerosene (Re = 1210, Fr = 0.05)
(Re = 1210, Pr = 0.05) : .

theoreticzl curve in which t* = cons:; 1t 1s czleulated sccording

. Y 4 .
to Table -1 by makting she theoresiezl value of the group -3-‘ i'lle'-:-,-

1denticsl with the vilue o8 the grour -'-! Re’ when -‘—'l—-m.
. @y m'.
Evidently, the experimental points In the region of diminishing

“values of the vaprlables 11 atove -he ealculated line, This cir-

cumstance indlcutes +hat <he frievion aoefficient between ~he gas

and the liquid is not constan, bus dimtnishes with an Zncrezse

-
3
o
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in the gas flow veloclty. Besides, at small

.

By

—
3

wi,
1

flow asymmetry and wave formation become substantlal, the

ef friction also becomes a function of the Froude number,

e
20685 0w'te2 10 520

¥y s

Plpurs o=l HIS
ay reslobange a0
Ler, (1) Fp = Q.01

¥r = 0,331 (5) P = 1.~
Fr = 9.0; (7) Fr = 1o.

%3 has been determined in the preceding choprers, wny

when

coefflicient

J2 che Frowde apiterlon
tonp flow +f the 1tgulid
1 {_I Fr = 0,043 (3}
! ".I] Fro= .4 E'J'}

Jetermin-

able eriterion for two-phase. 'low In & general case 18 - function

of o series of parumeters--numcly,

1
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l;-) (6-23)

- :.:. :‘:- .‘: Re’; .L..
' ’('o' A S 1) --!')"
The described experiments, as well as S. I. Kosterin's erperi-

"
ments, confirm the fact that the influence of criteria -5T-and
[ 4

> on the hydraulic characteristics of a two-phase stream

(' - "N
flowing in a tube can be disregarded.

In the particular prcblem under consigeration, theory leads to
a specific combination of the parameters ;%, Re!, and -%:u Conse-
quently, deviations from the theoretic:l line must actually be
functions of the Froude number and, to a certain degree, of the ratio
-%;-(sincc these deviations are a measure of the additional dynamic
effect on the interface). As has been found in preceding chapters,

generally speaking, these parameters enter the functional expression
1'

NETEEL)

Pigure 6-13 snows that the influence of the Froude number is

as the product Pr

. generally small., -Namely, even in the crea of 1its greatest influence
AP,
aRr.0
by a factor of 2.T only. Based on the above-mentioned datn, at

w" »
Re'~;lr > %40, we may recommend the working forin'la

wr ., |
‘-:-. —1401 (21/ ue'{,’-)“. (6-24)

on the process, a 1,500-fold change in Pr alters the ratilo
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Evidently, the experimental e:-

ponent 1s very close to the

theoretical value (see Fig. 6-9).

The unity in the right member of
. Formula (6-24) 1s introduced in

..‘..'L--
a-}r.' order to carry the calculatinn to
‘l' - &Ll .'.’3 = 0.
w" .
a at Clrer v <o, 1t 1
Figure (/1:. Lor B W € -—"7 <™ s
' £r.0 =0

as & function of log

£1lm.

6-6. Symmetriczl

(1-¢)~
theoretically computed for
turbulent flow of a liquid

possible to make use of the mean
curves dravn through the e:peri-

ment.i points shovn in Fig. 6-13.

Turbulent Flow of z Liquid layer

The velocity profile

in a turbulent film flow can be e:xpressed

with sufficient uccuracy for our purposes by the e:pression

d-um-(u {-): (6-25)

here, v 1s so-called dynamic veloclty:
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Y 1s the distance from the tube wall; !
4 i3 the scale fuctor,
For tubes with granular roughnese e can assume, if the quad-

ratic law of resistance applies, that

[ ]
&

where ¢ 13 the height of the protrusions.

For smooth tubes we can ascume

=16
=] v

let us assume, as has alrcady essentially been done in the preceding

.paragraphs, thut
LR LY |
“a S (6-26)

t ]
in which 'O 1s the conditional (referred to ¥g) drag coefficlent of
‘two-phase flow.
' [
Calculating the value of Wy from Formula (6-2) by subett+uting

into 1t the value of W' from (¢-25) and disregarding in the obtained

solution the terms of the order of é%, we ~rrive at the equation®

!7'? .%lu--,)ui[l -y 2]t vs} (6-27)

*In turbuleht film flow, the central gas Jjet usually contains
liquiq drops; as a result, the average velocity of 1liquid flow

- - [ -
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Taking into considerat.‘fryn ‘that

R

- (6-28)

|
! i
|
|

where g 1s the drag cocfficient at @ = O, we obtain:

oS
L 0
B e Rk B (6-29)

The results of calculatlons by this foraula are glveu in iable 6-4.

n e m 18

'where x 18 the welght fraction of liquid in the gas. Accordingly,
Form la (6-9) 1is more correctly written in the following form

In subsequent formulas, wien we +ake into account the frnetion of
1iquid entrained by the gas stireaz, we should replace the quantity

v 6 by the following quantity

a

"'"'.—.

L)
and replace f" ty ‘e quancity " (1 + x).
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Table 6-4, Results of Calculations by Formula (6-29)

Apr
z’Pf,o
[ 4 .
¢ _g.103 | ¢ 3| €00103 | &aie103
. 5= 810 p = 410 5= 2-10 5= 110
0 1 1 1 1
o 301 1738 113 134
0:36 2.95 2.88 2:g§ 3% -
0.1 3.58 3.46 ’ 3.40 3.33
o.uz 5.11 I,o4 .83 u.ll
0.6 11.8 11.3 10.8 10.
0.81 57.3 52.7 49.3 46,4
1 o < oD Po-)

From these calculations it follows that the dependence of on
ap
Iy
or the 1
Ki’r,o (

fluenced by the relative roughness of the tube.’

A
In Pig. 6-13 the relationship between —EP—E!'— and ¢ from the
: f,0

data on Table 6-4 1s shown. The equation for the logarithmic straight

nverse dependence) in turbulent flow 1s nardiy in-

1ine shown on the graph 13

i

e S I
.0 (I—')"'. (6-30)

It 1s interesting to note that this relationship 1s very close
to Pormula (©-7) which describes the corresponding relat‘snship for
a stream exhibiting laminar fl.-. of the liquid phase, Consequently,

the function

¥
As is known, roughness, in the case of laminar flow, does not
influence the hydraulic characteristics of a stream flowing in a

tube,,
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——=f(¥) (6_31)

Iis only slightly gensitive to the flow reglme of the stream.
For a smooth tubc the sclution remains the same as for a rough
tube; but the following quantity should be substituted for 30 -?- in

the formulas

162 - 405Re V. (6-32)

Thus, the hydrodynamic repire of 2 two-phase flow in a smooth
‘plpe also depends on the effectlve Reynolds number of the liquid
'-phase defined by Formula (6-21). The {nfluence of the viscous sub-
layer on the flow of the 11quid phase in the jmmedlate vieinity of
the smooth surface 13 a physical ractor governing the appearance of
‘the Re' number as 2 determining parameter of thé two-phase flow.

The relative velocity of the gas Jet, calculated from Formula

(6-10) for the distrivution of velocities in a 1liquid ring ac-

cording to (¢-25), 1s

o -::.— —2.5v’h|l + 5;‘-(! - ﬁ)l - (6-33):

Introducing this value into Formula (6-14) and noticing *hat

"-'Sﬁ - (6-34)
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Figure G-14, ® as a

funetion of .—b' V S:-L
- L

from theoretical calcula-
tions.

we obtaln for rou,;n tubz3:

\.ﬁ!
» -+
g
e
Figure 6-15. 1log 2.
O
vs. log .'_s‘/ﬁ..ﬂ.
[ Y o ¥

“: - m‘ ——2.5‘/‘_'Illl+ls—.l -V?)]l‘.

(6-35)

Combining this expression with (6-30) and solving the obtained
"

equation for '!-‘-?-, we obtain:
=0

sz Ve
v

@ —q

X

xlo"'+o.uﬁ|.[| + 157(1-- V?)]l.
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aﬁlﬁ. 0 BHIess, e 2S5mm
o /T] tests, tube L SEmn
0+ SKT1 eststyre) S3mm

.3

%
' [ [ /] »
b)
]
v 1111
5.0 | oo EN'Ntes,teed Sl c)
POl DS IR ot [T teatstube Ibnw L
0,9 &' Iteste tobe i
[ {
h |
LR ™9 -
| + g’
. . L i‘ »

Figure 6-16. Variation in the ra-io between resisti-
ance to flow of the vapor-iater mixsure and resist-
ance to flow of the same ma3s Ilow rate ol water,
depending on the si:ze of zhe relative fractional of
. the eross secilon occupled by the liquid: (a) at &
pressure cf 32 <o 35 aim. 2bs., (b) at = pressure
of 60 to O4% nim, abs,, (e) «t - pressure of 90 “-
110 atm, abs.

The structure of this formuls, In relslon <o the Inlluernce cf the

. . "
. /3 ]
eriteria -.3 -}:— and = on ¢, 13 agnalogous to the siructure of
[ 9 2]
.- .
Formula (u-lo). The !ndependen: influence 0 — begins o develop
.

only at sufflelently grext values of <his crizerion--1.e., only zt
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suffieiently high pressures in the gas-liquid mixtures,

Pe
In Figs. "6-14 and 6-15 the dependences of ¢ and — on the
3w 3Br,0
group e -?——Q;T zre plotted. They are calculated from (6-36) and

"
(6-30) for such ratios -%T at which the second term in the brace may

be disregarded,

Evidently, alsu, in turbulent flow of the quu%d film, an abrupt

W
increase In ¢ 13 obserued in the region of small :2. In the reglon
¥o A
of value: or -r -————-—r from 1 to 10, the quantity’-zif—-— is

proportiosnal to a power of the order of 1.4 of this criterion, while
the exponent increases with an increase in the .rgument,

In Pig. 6-16 the results of a considerzble number of tests with
steam-water mixtures are shown plotted on the system of coordinates
of (6-31) by A. A. Armand, It is found that this function 1s clearly
single-valued; at ¢ < 0.5, the exponent in the formulz of the type
in (6-30) 1s «~1.2; while at ¢ > 0.5 such an exponent is described

satisfactorily by the formula

--|.’+zs-}f-. (6-3T7)

Thus, the theoretical solutlon for the turbulent motion of a
strean of mixture with an annular layer nlso generally leais to con-
clusions well supporied by experiment:l data, This case emphasi:zes
once again the fruitfulness of ~heoretical analysis, even of ex-
tremely absiract madels of the studied physical phenomenon, and per-

mits, a. least quzlitatively, clarific:tion of the nature of the basie
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interrelationshlps charqcterizing a glven phenomenon. As has been
pointed out before, in reference to flow in smooth tubes, the sub-
stitution into (6-29) of the quantity. 1l. 6 -7— for §6 produces the
Re' number as the determining criperion in the formula for turbulent
flow of a liquid layer as well. However, in turbulent flow, the in-
riluence of thls criterion develops substantially only in the region
of small Re' numbers (sf the crder of 3,000 to 15,000). At large

values of Re', the influence <f this criterion upon the values ¢ and

ap
——————1;—- 1s cligh~ly perceptible. In Fiz. €-17 are glven experimen-

A
Pr,0 .
tal data 11lustrating what was said above.

| ir

L

Flgure 6-17. Dependence of the registance of a two-
phase flow in o0 sm-oth tube on the ratlic —% and :n
the Re cri?eri not e *liuld,

1

water: -%-— . 1.3 - 12735 (1) Re = 35,1205 (2)

Re = 21,000; (3) Re = 32,499; (4) Re = 43,250;
(5) Re = 4,30 (L) Re = ac,H2Y

Kerosene: __: = 1,0 ¢ 12 3: (7) 5e = 13,130; (8)

Re = 30,200; (o) he = 42,320,
|
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6-7. Certain Peculluritles of the Emulsion Flow Regime
of a Gas-Liju xture

As has been pointed out alreé.dy, core regime arises in a
stream with a sufficiently high fraction of gas. At average and
small values of § and at large —-z-';- the emulsion regime 1is sharac-
teristic of the flow of a gas-liquid mixture. As has been described
in Section €-2, when this regime occurs the gas 18 moving in the
form of single bubbles of different 31-es--111ing up, more or less
evenly, the entire volume of the entraining stream, However, 1in
contrast- to slug regimes, the dimensions of most of the bubbles are
more or less the same, ard are small in relation to the Luwc jiameter.

Let us assume that the relative motion of these bubbles 1is de-
termined by Formula (2-11). In this case ¢ can be calculated from
Formula (1-1:) by substituting into it the values of .1;', from (2-11).

We obtain:

i V-

¢ -

(6-38)

here, ¢ 1s the drig coefticient of . bubble in the shape of 2
flattened spherold. In the iven case, 33 a certain effective
value of the indicated soefficlent, and depends to 2 certain degree

on the totality of paramzters deternining the flow of the mixture in
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Figure u-18, Average atsolute veloci . of cteam

va, reference velocity o 8 steam-water mixture,

accordls to averacsed data for vertlical tutes,

Circulation veloci*y is “he parameter: (s) = 11 atr, ats.;
(t) p = 111 8tm, ats.; (c) p = 181 atm. ats,
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i Formula (6-38) shows that in the case of emulsion flow the value
'of ¢ depends on a unique combiaation of the Froude and Weber

criteria:

3 { - [
gy gy U Y S (6-39)

faor the flow fraction 8 of gas in the mixture and for the effectlive
drag coefficient § of the bubbles,
Purther, substituting into (1-11) tre value ".‘; frem (2-11), we

f£ind that

e 1—g.* -
S T (6-40)

Introducing into (6-40) the value of ¢ Irom (6-38), we obtain:

(6-40a) |

. . .
At large values oI v _, the quantity L l/ M _ 13 sub-
- o, o' -1

a_tantially less than unity, 1.e., under these ccnditions tne absolute
velocity of the gas phase in the emulsion flow of the mixture 18 al-
most a single-valued function of the group (6-39).

G. Ye. Kholodovskiy pointed out that, within a wide range of

valueﬁ of the flow parameters of a gas-liquid mixture, thie quantity
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w"1s almost a stngle-valued function of W .
In Fig. 6-18 are shown some experimental data 11lustrating the
above treatment of this problem by us. At the same time, these data

confirm the fact that within a given range of the values of # and

——51-—-, the quantity u o has the most substantial influence on the ab-

solute velocity of the gas.

'

6-8. Head losses Due to Friction in

e
a 6“38 I-Homogeneous Mix ture

Let us e.amine the fiow of a Juasihomogeneous mixture. 'I'hé
relative velocity of the phases equals zero, and the formula for tvhe

pressure losses duc to friction can be written analoglcaliy wo the

corresponding working formula o ..owd_ cnheous stream:
3y %
_.*_2.-.;, = (6-41)

in which ¥ 1s a certa:in function of the criteria (6-23).

Atg;=0

(6-42)

Substituting these vilues of v, 2nd 7, into (6-+1), we obtain

the formul:a
‘o o
-4 i3 0-52] (6-43)

P-TS-9814/V 157



!

& .
mi'lTL

4 t r
"

Ca

w
Figure 6-19, 4 - %2 s, =2 from experiments
.7

L
with a steam-water mixture at p - 62

atm. abs,

Comparison of the theoretical calculazions and experimental data

presented in the foregoing paragraphs shows that tne pertinent re-

lationships batween the basic hydraulic characteristics of the atpream

are relatively insensitive to the flow regime

of the mixture. This

permits anticipnting that the coefficient ¥ in Formula (6-43) 1s of

the order of unity. In fact, the experimental
Plg. 6-19 confirm this significant conclusion.

use of (6-43) as a convenient working formula.

6-9. Head losses Due to Acceleration

data presented in

This fact permits the

of the Mixture

Kead luss due to acceleration is equal to

the momenta of the per-sccond flow rate cf the

two given cross sectlons:

the differcuce veiween

gas-11quid mixture 1n ‘

‘e ?

Vo, (6-44)

['..., v+('—v)——] [ nu-»’,—'?’
.'..- ] * - h @
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Usually, this loss 18 substantial only in steam-generating tubes,
and there only at a comparatively low pressure and for a large heat

ifl'.m when, in a short section of tube, the steam fraction in the

mixture increases sharply.
When we refer to the boiling point, and the relative velocity

of steam is disregarded, it.follows from (6-u44) that:

w,, - L(1-L)ums (6-15)

”
At low and medium pressures (-_-:-,- < 0.05), the relative velocity of
steam reduces losses calculated from Formila (6-45) by approximately

50%. At "‘T>° 1, calculations by this formula become sufficiently

accurate. However, the quantity A-Pac 1tself is usually much less

than 421. in this case.

6-10. Head Losses in Vcrtical and Inclined Tubes.
® ror Design purposes

In vertical and inclined tubes, the pressure drop per unit of

tube length 1s determined by the sum

Ap = 4p. + Ap, ..+ Y, co8 a, (6-116)'

‘where a 1s the inclination angle of the tube axis from the vertical.

In this case, as a consequence of the disturbance in the sym-

metry of the stream, the density of the mixture proper T appears .

t

[

' - - L .-—— —
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also as a certain, generally rather weak, function of @,

Extenslve investigations of the motlon of zas-liquid and vapor-
1iquid mixtures in vertical tubes have been carried out.at the TskKTI
[Central Sclentific Research Institute for Bollers and Turbinea’/, the
VTI /Al1-Union Heat Engineering Iﬁstitute (im. F. Dzerzhinskiy)/, the
ENIN /Institute of Power Engineering (im. G. M. Krzhizhanovskly)/, and
other organizatiocns. On the basis of these data, design graphs were
plotted at the TsKTI in order %o calculate the approximate magnitdde
of ¢ . The approximate nature of this quantity 1s due to the fact
that fricitional losses were calculated by orocessing the experimental
data by means of Formula (6-W3}.

in Figs. 6-20 to 6-25 are presented ncmograms permittinz deter-
mination of ¢ for design purposes.

In t{hese nomcgrams

.:;1/1- - -|/__"_
v sV L] & T

For the steam-water mixture, the pressure p in the tube, rather

LJ
than the ratlo L4 -, has been plotted.
v

Nomozram I 1s !ntended for verﬁical tubes. When the .ube Is
inclined 5 from the vertical, the same value of ® 18 used as for
vertical tubes, Nomograms II tc VI are used for desisning tubes
inclined by more than 50 from the vertleal,

By means of the form .as and graphs given above, the deslzns
can be carried cut for twe-phase flows in Individual tubes as well as
in eirculation locps,. The latter have a geries cf essent!al features,
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pigure 6-21, Nomogram II.
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'which are discussed in great detall in the design specifications for

circulation in steam bollers,

6-11. L>cal Drags

The motion of a gas-1iquid mixture in a condﬁit with various
bends, constriction: ete. (1ocal resistances), as well as in col-
lectors, has not been thoroughly stu&ied so far. Some data have ieen
obtained at the TsK'?I by S. I. Mochan and I. 0. Zamaziy. I. O.
Zamazly conducted experiments with an air-water mixture flowing
through a sharp-edged orifice. As a re:sult of these expe-iments it
was ascertained that in practice the orifice drag coefficlent can bc
determined analogously to the resistance of a tube, by .uuz o7 the

formula

e[+ (1- 512 (6-47)

"here the overall resistance 1s referred to the head, calculated from

the veloecity of circulation, 1.e.,

19}

L 4adra (6-48)

Pigure 6-26 gives the results of experiments by S. I. Mochan
determining the overall drag coefficlent for the discharge of
an air-water mixture from the tube, The great bulk of the experimental

points,on the average,lis also described by a formula of the same type
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"as (6-47), namely:
C‘;,gg-l.2[|.+ (l - -;—:-) ;.:-"] . (6-49)

The experimental points falling outside the line pertain to such
small velocitles that, for them, the absolute value of &P4ygon 1s

ne;ligibly small,

Y
[ o, ! r
k) TN G
u\‘(‘f 4 ‘
Aﬁ a." ‘s, N
: 7
- ’ » %
) Al o
. d "/
.:ké-ﬁq- 50 A
‘ P “ \Iﬁ"' o { 2t
o Jo 2 ’
& Lyy .
"d

Plgure C-2€, Deperdence of the overall drag coef-
ficient for discharge on the flow fracticn of air
and the velocity of wate:r,
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The flow pattern associated with the drag which Aevelops when
a2 mixture enters a tube 1s much more complex. In this case, the
perturbing effect of the e_ntrance is felt along a considerable length
of the pipe (up to 60 to 100 dia-

Vel ] 1 meters); i.e., the inereasing com-
1 1
T plexity of the hydrodynamics of
wartl -
e —————— 1 the two-phase stream 18 manifested

] [ ] along the length of the input sec-
oance frin Culiector intoie diswcters

tion of the pipe, 1n addition to

Pigure 6-27. Excess pressure the pressure 1088 due to the last
drop in the tube section be-

hind the collector caused by drag itself.
the perturdations of the two-
phase flow at the entrance The above-descrilil Sa bern

of the tube.
Air-water mixture: P Ay 1 atm, 18 clearly revealed by the exper-
2

n
abs.; =0_ _10; (1) L7y - mental data given in Fig. 6-27.
7 T

2 "5 At the present time, this problem
= 16.2 m/sec”; (2) 5 = 7.6
w2 - is still explored very little.
2, 0 _ 2
m/sec”; (3) T 4.3 m/sec”. For the time being, S. I. Mochan's
design graphs given in Pig. 6-28
caﬁ be recommended for tentative estimates. In this graph, the ap-
proximate velocity head, as the abscissa, is determined from the

formula

gl 5031 5

Figure 6-29 gives graphs for determining the ratlo E%—, where
: r

L\_p B is the velocity head, and inecludes the relative velocity accord-
?

ing %o the formula
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bs '(’iv_+ ml-o)) b= (6-508)

Experimental drag-coefficient data for a 75° pend for different
lengths of tube gections Joined behind the bend, are given in

Fig. 6-30. Analysis of experi- -

9
©
H ‘ mental data suggests that we may
1L7 Air (Pressare close 10 3 :
[ atmosphene at ali | assume drag coefficients of bends
water velocities)
followed by ver:ical or inclined
pipe sections +5 be six Lu seven
’ [
- ] imes higher than the drag co-
’-h- esricients of jdentical bends
[ -
.*--'- g under single-phase flow; when the
e
oLt . pend is rollowed by & horizontal

pipe sectlon, the suggested drag

g ‘d!m
: coelficients are equal to the

single<phase slow drag coeffieclent.

Figure 6-29. Gruphs tor Thus, experiments reveal that
h - s

determining the ratio Fg : local resistances hcve a greater
—P,T effect in two-phase ILOW than in

hot from Formula (=-30);
homogeneous £1low, This circum-

h. .t veloclity head, account-

—P,r stance 18 explained by the sub-

ing for the relative veloclity

from Pormula (0-502) stantial influence of local re=
2

sistance on phase dts:ributlion

(1) %—Q =1 m/secz; (2)

5 m/secz; (3) 20 m/secz; along the cross section of the

(4) 50 m/sec“. strean and, hence, 3lso on the
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Figure t-30. Lxperimental data on drag coet'ficient

of a 75° bend with different lengtns of inclincd

tube section jJoined behind the bend: a) lengti 2f
section following bend: 25 diameters (b) sanme: 59
dlameters; (c) additional drag coefriclent o 2 section
of 1 = 50 dlameters, 1C9O diameters away from a 760
bend. (1) p = 10 atm. abs.; (2) p = 30 and €0 atm.
abs. (3) p (0 atm. abs. =
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hydrodynamic regime of Fhe mizture along a considerable 1:ngth of the
tube following the local resistance.

The phase distribution along the cross section exerts a strong
influence on size of the eross-secticnal fraction "¢ occupied by the
gas, Therefore, in the sections.of the tube located beyond the local
resistance, a considerable change (1ncrease) in the specific gravity
Y n of the mixture 1s observed. If these sectinns are vertical, or
inclined substantialily from the horizontal, then to the change in

head loss due to frictien 1s added the change in the weight of the

column ot mixture, the latter aircumstance usually turning out to be

far more significant than the change in frictional loss.

6-12, Formation of Vortexes during Free Discharge
Tnto a Tube

In Fig. 6-31 & diagram 1s shown of the free discharge of a
1iquid into a tube. Under certain conditions, a vortex forms above
the tube inlet, . When the cone of the vortex reaches the inlet
orifice both the 1liquid and the gas bubbles drawn 1in with the stream'
from the vortex will enter the tube. Usually an intake of gas or ‘
steam into the down tube 1s undesirable.

The formation aund development of n vortex generall; dejpzuds on
the same fundamental criteria 2as those for the two-phase {lows ex-
amined earlier. . |

That height (gcr) of the 11quid layer above the down tube at i .
which the vop =f the vortex cone reaches the inlet orifice may be
selected as the parameter o bg determined.

when there is o statlonary gas layer above the liquid layer,

rricgion at the phase boundary may be disregarded, Moreover, since
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Figure 6-3), Diagram of Figure 6-32. Vortex when

free discharge of 1liquid the 1iguid approach is

1nto 4 tube. symmecrical,

only the formation of a vortex with a continuous boundary separating
the 1liquid and the gas 1s studled, the influence of surface Lenslon
is likewise immaterial. . .

The force of gravity, acting on the 1liquid stream foralng a
vortex, 1s proportional to the difference in the densities of “he
phases, and the equation of motion can be written in the followirg

form:

- ¢ _a®y __ +a|:¢- !::. ‘
U -0")—gadp+p'y o", (6-51)

Among the conditions uniquelw defining the solution ol thls
problem are: . '

(e) the diameter D o the discharge oririce and the geometric
configuration of liquid approach;

(b) the velocity W, of 11quid discharge through the down pipe;
and

(9) the physical constants entering Equiz!o: (g-pi).
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Figure 6-33. Vortex when the liquid ap-
proach 18 asymmetrical.

Under these conditions it follows from Equation (€-51), that at

a given configuration of the 1iquid approach to the tube

L L S i
» Novg—n i w7 )' (6-52)

In a turbulent liquid flow,lthe influence of molecular viscosity
can be disregarded.

Figures €-32 and €33 show photographs,obtained by 0. M. Baldina
and Ts. M. Boytina, of the vortex above the down tube in a symmetrical
1iquid approach and 1n a unila*eral approach,and with a bas’le rlate

in front of the tube.
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[
Figure 6-3/i. Dependence of

1] t -
p_crongoandpinasym
metrical free discharge.

)
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Figure 6-34 shows. experi-
mental data by the saxﬁe authors
for the symmetrical approach o'r
1iquid to the down tube. A curve,
drawn through these points, is
described by the formula
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CHAPTER SEVEN

HYDRODYNAMIC THEORY OF CRITICAL CHANGES IN HEAT
TRANSFER DURING BOILING ON HEATING SURFACES

7-1. Two.Fundamental Regimes of Bolling

The process of vaporization in a 1iquid mass 1s called boiling.
Two types of toilinz on @ heating surface are known: nucleate bvoll-
ing and film boiling. In nucleate boiling, bubbles of -.; i “orm at
different points on the hozting surfaces (at vaporization nuclei).
At the same time, most of the heuting surface 1s wetted with liquid
mixing with released vapor bubbles. As a consequence of this, the
rate of heat transfer to the liquid is extremely high. In £ilm
boiling, vapor forms a layer separating the heating surface from thé
l1iquid mass. Large bubbles are released from the surface of this
layer as they go Into the mass of the liquid phase.

Because of low thermal conductivity oi the vapor layer, the rate
of heat transfer in film bolling 1s many times less than in nucleate
bolling. 'The appearance of one or the other type of r.iling 1is
determined by the magnitude of . - density of heat flux from the
-heating surface.

The concitions for transition from one regime (type) of bolling
to the other, and the ranges of these regimes, are clearly revealed
when we plot the dependence of the heat-transfer coefficient on the
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heat-flux density or on_the difference between the temperature of
the heating surface and the saturation temperature.

Figure T-1 shows a typlcal re-

PR lationship between the heat-tianc-
keal/m*degree hr .
fer coefficient and the heat-flux
n density q at a heating surface sub- -~
ol merged in 2 large volume of boil-
4 e .
ing liquid. The abruptly rising
Jl left-hand segnent of the curve
£ B
s - expresses the lav of heat transfer
2 ok |
1 for nucleate botling. The lower b

Pigure 7-1. Heat transfer curve expresses the law of heat

coefficient vs, heat-flux transfer for film bolling. Line AB

density, boiling of & larre ng

:gi“?e of water (p = 1 atm. corresponds to the transition
regime.

Regardless of the process of heat transfer in the boiling 1lig-
uid (electfic hezting, radiation, etc.), as 2 gradually increasing
heat flux reache; point A nucleate bolling 1s suddenly converted
into £1lm boiling (line AC). At the same time, heat transfer de-
cresses 1/20 to 1/30 of its orici:al value 87d, correspordingly,
the temperature of the heating surface rises sharply.

With further increase in the hezt flux, a stabilization of
£11m boiling takes place.

Figure 7-2 shows photographs of -etal tubes destroyed because
of a sudden decline in heat transfer at those points vhere 2 layer
of vﬁpor forms as o regime of £11m boiling sets in, while Flz. 7-3
shows photographs of & red=hot heating surface enveloped in 2 dense
layer of steam, 28 £11m boiling of the water takes place.
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Return to nuclezte boillng o-zcurs =% : heiat flux cons’'derably
smiller thun thut at which the regime of nucleate bolling changes
to 4 film-bolling regime. 1In Flg. 7-1, point B corresponds %o this
reverse transitlon. )

Thus, the therm:l and hydrod;m:mle phenomenz assoclated with the
‘transition from one repime of bolling to the other underge 2 certuin
hysteresis. We must opet of two eritlcul heat-flurx densities: first,
tht ut whilch tr:nsition from the nu-leate to the f'ilm regime takés
plice, und sceond, thut it which the vaupor luyef i1s destroyed.

In th: reslon of hewt-flux dencitles lying between points A and
B either repime or bollin: muy e.lst, or tae two may even coesist on
the very g:une heatings suri:.ce over = long reriod of tiwme,

In :: number of cusec, when hezt fiux builds up slowly, 1t 1s
poscible to prolon- the 'riti-:l -sondltionc, m:int:ining nuzliczte
boillin; =nd !ts correcpondingsly high r:te of heat trinsfer up to
viidues of ; e:ceedin: the nomn:l -ritl::l vilues by u factor of 1.5

to ..

-

o 3 |
= >
=e=e—"""">> |
ey

e

PLure V-, Destructlion of Flgsure T--, Photorrurh of
metal tubes ot polints where red=h0t henting surlale, £11n
£'1lm boilin, o rrurred, bollin; of witer under stead;

*onditions.
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10’ . when the temperature of the
al/m' degree hr L

» heating surface _‘Ew is independently
" f-o assigned (as when the heating

: _surface 1s steam-heated), the trar-
0 sition from.nucleate to film boiling
4 p . proceeds somewhat differently. As

o el ¥  the marimum heat transfer is reached

Flg. 7-b. « vs. A% for / point A in Fig. 7-1 and in Fig.

bolling water at p = 1 atm. _l . . -
abs. (1) electric-'eheating; 7-4 where the data have been re
(2) steam heating. processed 1n the form of the re-

lation &« = £( A_t_:_)], a further increase in At will b‘egin to lower
the coefficient of heat transfer gradually, while simultaneously
lowering the heat-flux density. Point D corresponds to the <stablish-
ment of film boiling. With a further increase in the heating-surface

temperature, the rate of heat transfer -hanges slowly.

7-2. The Hydrodynamic Nature of Critical Changes 1n
Eﬂe TTquid Bolllin: Nechanism

As explained above there are two fundamental regl.es of boiling:
nucleate boiling, where steam 1s generated in the form of discrete
bubbles at some points along the heating surface; and f‘lm boiling,
where the heatins surfoce 1s separated from the liqﬁid mass by a
continuous layer of vapor.

The transition from one regime of boiling to the other has all

the features of -a criticul phenomenon snd 1s accompanied by 2 rad-
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jcal change in the hydrodynamic and thermal conditions c# the process
of heuting-surface cooling.

The e:amined problem 1s also complicated by the fact that in
the boiling mechanism not one but two oritical changes take place:
firat, formation of a continuous film of vapor on the heating sur-
face, and, second, the disintegration of the vapor film and restora-
tion of the regime of nucleate boiling. .

At the same time,.the heat-flux densiiy during the first critl-
cal change 138 subutantially greater than during the second.

Although, with values of g about n.6 to 0.8 Lr,1’ the heat-
transfer coefficient for nucleate boiling increases substantially
with &n increase in heat-flux density, in the nesr-coiti~al region
the value of @ remains constant. This phenomenon can be: explained
by the fact that when the regime 1s nearly critical, the vapor satu-
ration of the two-phase boundarj liyer at the heating surface 18 so
great that a further {ncrease in the rate of vaporization will in-
crease turbulence in the 1iquid phase on the one hand and, on the

other, will promote expulsion of the 1iquid phase from the boundary

region,

Within a certain range of values of q these two oppcsite proc-
esses to some extent compensate for each other, as a resulf of which
the heat-transfer coefficlent remains more or less constant, Finally,
however, the stability of the liquid films which cut through the two-
.. phase poundary layer will be completely upset, and the 1iquid phase
will btecome separated from the heating surface by a continuous layer
of vapor. .

Thus, a f1lm-boiling regime results from breakdown of the stable

two-phase boundary layer which exists in the nucleate boiling'regime.
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prior to this change.,

In exactly the same manner, the two-phase boundary layer, whizh
consists of & vapor £ilm on the heating surface and of a 1liquid mass
surrounding 1t, can exist only as long as the kinetic enefgy of the
vapor flowing in this film is sufficient to keep in suspension the
masses of liquid which strive, because of the effect of gravity, td
break down the vapor layer at the heating surface,

The hydrodynamic theory of critical cﬁanses in the mechanism
of boiling oi. a heating surface was developed by S. S. Kutateladze,

and explains well the most essential pol.ts of this process,

7-3. Derivation of a Formula for the Firat Critical

Heat-FIux Denslty for Natural Convection of & PcIlin
TIquid (First Cr%tlcai Thanze In the Regime ol Boillng)

The hydrodynamic regime of a two-phase boundary layer can be

described by the equations for the motion and the mechanical inter-
action of the flows in the two phases; i.e., by Equations (1-16) and
(1-17), written for a 1liquid and a vapor; and Equations (1-21),
(1-23) and (1-29). Conscquently, the system of equations in (5-1)
will also fully deseribe the hydrodynamics of a boiling boundary

" layer,

Analyzing this system for basiec equations, we assume that:

(1) in the near-critical recime, the liquid and vapor are agi-
tated to such &n extent by the process of intenslve vaporization
that molecuiar friction can le Jisregarded;

(7) the liquid-phase velocity is substantially lower than the
average vapor velocity near the heating surface because of the fric-

tionﬁl effect of the heating surface,
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With these assumptions, the fundamental) system of equations,

~written in terms of averaged values, takes the form:
o-oir + i’-r’—:'-;
V=0
- .. = -ﬂ;h
g —¥)—dp + T" === (7-1)

“wo’=0;
~#(¥m), =F("m), :

o =w, =0;

I=é

here T stands for turbulent friction, analogous %o the term
expressing molecular friction;

Yoo Y are fluctuating veloelity components,

- ;he examination of the conditions affecting distribution of

vaporization nuclel in the given case may be dispensed with since,

in a near-critical regime, the number of active nuclei is so great

that the 1iquid films cutting through the two-phaée boundary layer '

may disintegrate at any point on the heating surface between any
neighboring active nuclei, The system of equations in (7-1) gives

the following primary criteria for similarity:
!i..&..'.'.!..l!r_-__';'.t_.ﬂ.ﬂ.m’:
# yet T et Hr =) 1 ',-.--}' (7-2)

Substituting

o o Y _ o
e T R T

wa obtaln a system of criteria equivalent o (7-2):
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(7-3)

These are the same criterila obtained above for an inviscid dynamic
layer. Such 2 coincidence is by no means accidental; the bolling
boundary layer difi2rs from the dynamic layer examined in Chapter 5.
only in the mcde of light-phase generation. Under conditions of .
rree convection of the 1liquid, the velocit# of its motion and the
presaurs drops are determined only by the vaporization process--i.e.,
these guantities are not among the coniitions uniquely defining a
system, Neither is the time factor among the conditions uniquely
defining the solution of *his problem, since 1t is not tu7 dvration
of the transition fprom one regime of bolling to the other that is
being studied, but rather the heat-flux density at which this transi-
tion occurs spontaneously. In such an event, the criteria contain-
ing the quantities 'y, AP and ¢ are non-determining.

The velocity of motlon of one of the phases 1s related to the

heat-flux density by Equation (1-35). Writing the latter in the form
o= (7-4)
we get the eriterion
"" | - (1-5)

local values of heat flux densities at phase boundaries are related

to the average density of the heat flux through the heating surtace

by the expression
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=g d(fnen)« ) (7-6)

where F 18 the area of the heating surface;

.28 18 the total area of the interfaces in the examined region.
The time interval over which this averaging 1is performed 1§_se-

jected su that the followlng condition be fulfilled:

Ac)-},

where u 18 the frequency of vapor bubble formation. The true vapor

velocities are related to the. heat-flux density on the heating sur-

face by the equation
i =rv’ j(j-;dr)« + ,!(jm"’)‘% (7-7)

where F is a control surface passing through the liquid at a cer-

tain distance from the heating surface and equivalent

to the latter;

uy" is the component, normal to the surface F, n® the vapor
velocity vector;

is heat flux through the ion control surface due to heat
conduction averaged convection currents in the liquid '

phase.

Hence; the averaged velocity of the vapor in the given cross
section is

s i )30 (1)
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1n similar systems, the heat-flux fields are similar, 1.¢..

and, consequently,

!
:.h

The quantity % will be called vclocity of vaporization and
represents the volumetric flow rate of vapor per unit area of heat-
ing surface.

On substitution of the averaged value of the steam velocity
(which is proportional to the rate of vaporization) for the actual
velocity in the similarity criteria, similarity ic assured by the
equality of the averaged criteria and by the similarity cf the hy-
drodynamic conditlions in the vicinity of the heatiﬁg surface as a
~consequence of the equiprobability of distribution of the vaporizing
nuclel over the heating surface.

Hereafter, we will omit the bar above the quantity g in the
averaged-criterion (7-5).

Tae magnitude of the critical heat-flux density in free convec-
tion, according to (7-3), 1s determined only by the physical charac-
teristics of the liguid und the linear dimensions of the system, l.e.,

-the group

Qer ‘/ ool Yoy
R AT -1') WVera—1H (7-9)
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is the determinable eriterion, which 13 8 single-valued function of
the determining criterion

¢
T (7-10)

With a sufficiently large heatirr- sirlace, when instability 1s
equally probable on any part of the .w:z-ghase boundary layer, the’
magnitude of 9er need not depend on tha2 lInear dimension 1 of the
system.

A very large horizontal disk, witth Zts heating surii.c ummed
up, provides an idedl model fully satiizlying this condition.

In such a case, tne functional reilzzion between Criteria (7-9)

d (7-10) should be such that the quar=:itles entering into them will
cancel each other out, The following - ‘ccmbination of criteria cor-

responds to this condition

e, 1 [\ i ackil -
.Vnu—: V . ,n,,v.—(;':,- (7-11)

here, g.. i 1s the unkown critical heazz-Ilux density at which
nucleate boiling is converued into S2lix »olling.

Since no determining cri:erion spp=ztns in System (7-3) after
this operation, then for natural conve23tion and a process independent

of the dimensions of the heating sursZee2 the solution of the system
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of equations under study for the first critical heat-flux density

will take the form

’".' -..-m.ﬁ. (7-12)

WVar V=1

Formula (7-12} shows that the transition in two-phase boundary

layer takes place at a specific ratio of the k;netic energy of the

stream of v&por to the force of gravity.
£ the kinetic

In reality, the following quantity is the scale o

energy of tne vapor stream at the heating surface

s

The following quantity 1s the scale of the force of gravity acting

on elements of the fluid between the bubbles resting on the heating

surface

-1 V’ ;—1—‘—

~atio of these quantities glves us Criterion

The square root of the :
is

(7-11). Thus this criterdion, because of its physical nature,
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identical vo Criterion (5-T7 .

If we take into_account the influence of the visccsity of the
1iquid phase then, retaining the viscositf term 1n the equation for
the motion of the liquid phase and reasoning as above, we will
arrive at the conclusion that with natural convection of the liquid
ard the nondependence of the process on the dimensions of the leat-
ing surface, a relationship having the nature of a criterion musp

exist in the following form:

=[S (7-13!

With small values for the group 1% the right member of this
formula, when the influence of viscosity on the value or Ser can
be disiv -urded, we have a limiting case expressed by Formula (7-12).

In Table 7-1 average values of group 51 are given from data
obtained in a series of experiments. '

Some discrepancies in the absolute values from different
experiments can be e:plained vy certain differences in the experimen-
tal methods and in the condition of the heating surface as well as by
the effect of the viscosity of the liquid.

Figure 7-5 shows the relationship between the first eritical
heat-flux density and pressure, for bolling water, calculated from
formula (7-12) with k, = 0.1%. On the same graph are plotted the
results of Ye. A. Kazakovu's experimenes with disks,

l In this graph the maximun eritical he~t-flux dénsity is clearly
within the range of préssures of the order of 70 to 100 atm, 2bs.

Since the critical pressure for water is 225 2tm. abs., the maximum

)
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Tavle T-1

M= __—.hl.———— .
VerVer=1)

Calculated {rom Experience by Various Authors

Values of Group

] Limits of
variation
of
Bolling . Method of saturation | .
1iquid (| Heatlng surface |heating pressure, =1 | Author
Water Nichrome, wire |By 1-115 0.17 | Kazakova
electricity
" Graphite, " 1-30 0.15 | xurateladze
smooth disks .
" araphite, " 1-24 0.19 "
rough disks
" Chromel, wire " 1-8 0.17 | Parber and
Seorah
" Nickel, wire " 1-8 o.15| "
L Chrome-plated Condensing 0.1-1 0.14 | Braunlich
copper tube steam
" Nickel-plated " 0.15-1 0.13 | Akin and
copper tube McAdams
Benzene| Chrome-plated External 1-41 0.16 | Cichelll
copper, disk electric and Bunilla
heating
Alcohol " " 1-51 0.10 J
Propane " " 19-33 0.17 "
Pentane " " 2-29 0.19 "
Heptane " 2 1-1% 0.18 "
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9ep in the given case corresponds

to a pressure of the order of (0.3

"l

to 0.4) p,,. In the vacuum range

-

and in the range of near-critical

e s ™ |
- -

pressures, the critical heat-flux

P ain.abs density in the boiling liquid van- -
: ishes.
Figure T7-5. Relationship be- .
tween the first critical heat- Figure 7-6 shows the relation
flur density and pressure,
boiling water. ‘fhe curve (7-13) as plotted by V. M, Bori-
computad from formula, at
51 = 0.14; the points from shansizly from data of experiments
ziéhAéigi:aknva's ezperiments  4¢n yarfous 1iquids.
1] DL
IIEestEB| T Al 1 1§
" &
1 2 - g
; e t 171 H i
o L SUKRLL L j

Lp9e
M)
Pigure 7-G. Relatlon (7-13) from experimental data.

From these data, one can :3sume that

PRT— - (7-14)
u.-o.|a+4;‘-(l-‘:i-) .
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7-4. Effect of the Condition of the Heating Surface and
o the Wethod ol deating on the Quantity 9op

In some experiments a roughér heating-surface increased the
ceritical heat-flux density; this apparently 1s assoclated with ¢
greater stability of che liquid £11ms when they adhere to a rough
surface. | )

The orientation of the heating surface is also important in re-
jaticnh %uv the direction of the gravity vector--namely, for a hori-
zontally-positioned disk the value g ., s jess than for the same disk
placed on edge. This is explained by the fact that on the lower part
of the horizontal disk large vapor bubbles accumulate, faciiisating
the formation of u continuous vapor layer.

puring bolling in 2 horizontal tube, heated from within by the
condensing steam, the values of the first critical heat-flux density
also prove to be markedly lower than during boiling in tubes heated
by an electric current. Thus, in experiments by Akin and McAdams
Scr,l proved to be equal to 600,000 kcal/'m2 hr for water boiling at
stmospheric pressure {:. 8 copper ‘ute of D = 13 mm, while for s
horizontsl plate and electrically heated cylinders, the corresponding
%r,1 {s more than 1,000,000 kcal/m2 r.r.

™is substantial deviation 1s associated not only uxth 3ome bind-
ing of the vapor bubbles in tne lower part cf the tube, but also with
a substantial non-uniformity of the heat flux around the circumference
of the hori:zontal tube when vapor condenses in it. This non-uniformity
18 e:xplained by a floodinc. of the lower part of the tube with condensate
as a result of which local heat-fluk de:sities in the upper half of the
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tube can attain and even exceed the true critical densities at a
relatively low average heat-flux density.

These circumstances were investigated experimentally in some
detail by M. A. Styrikuvich and G, M. Polyakov. In particular, this
investigation confirmed the conclusion arrived at theoretically that
a horizontai plate with its heating surface turned upward should be

used as a standard for comparison.

7-5. Transition From the Film-Boiling Regime to the Bubble-Boilin
Regime [oecond Tritical Change En The Rolling ReEZme[

Figure T7-T shows a diagram of film toiling in a liquid on a

horizontal cylindrical heating-surface placed in a large volume of
boiling liquid. Fipure 7-8 shows a photograph of film boiling.

With heat-flux densities substantially higher than the second
eritical heat-flux density 9cr,2’ the flow of the layer is stable
and the phase boundary appears well-defined,

As the heat'flux decréasea, the boundary separating liquid from
vapor begins to pulsate. At heat-flux densities close to 9cr,2’ the
vapor lgyer takes on an irregular shape and oscillates vigorously.
It is evident that the stability of this layer substantiallwy de-
creases,

The second critical change (end of film boiling) is expressed
by the ultimnte disintegration of the vapor layer and the establish-
ment on the heating surface of a pattern characteristic of normal
nucleate boiling,

The hydrodynﬁmic situation above the vapor layer (1.e., in the
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Pigure 7~7. Diagram of -~ Figure 7-3. Photograph

i11m beiling in a liquid. of £ilm boiling.
area filled with the mixture of bubbles swept away from this layer
and the liquid bulk) is determined by the system of equations given
in Section T-3.

By adding the equation of the motion of vapor in a continuous
layer, we obtain a system of equations describing the motion of the
two-phase boundary layer in film boiling.

If we assune that at the instant of the critical change, owing
to the pulsations originating in the vapor layer, the inerilcl
forces in the latter are substantially greater than the forces of
molecular friction, then the equatlon of motion of an uninterrupted
layer of vapor will have the same form as in the sttem of Equations‘
(7-1); i.,e,, this system 1s also applicable to the instant of the
second critical change in the mechanism of boiling. At the same
time, the last equation of the System (7-1) 1is applicable, but only

us a failr approximation, and in the present case indicates that the
1
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1iquid flow velocity at. the boundary of the vapor film is small
compared to the average vapor velocity.

At moderate pressures ( v' 3 7") and with natural convection
in the liquid, the introduction of such simplification of the problem
appears fo be entirely permissible when the liquid motion 1s fully
controlled by the motion of the vapor. .

tonsequently, the integral of this system of equations with
respect to the second critical heat-flux density, under conditions of
natural -convection of the liquid and nondependence of the process
on the dimensions of the heating surface, also‘has 2 form identical
to the Formula (7-12). Besidea this, owing to the difference in the
original structurc of the two-phase ﬁoundary layer, the velne of the
constant k, will differ from the value of k,. Thus, inasmuch as the
quantities 51 and 52 are constant, between the first and the second
eritical heat-flux densities in the given liquid a conatant ratlo
applies, determined by the condition

=2 2 =connt. (7-15)

In £ilm boiling, the interface (and zonsequently also the free
energy of the two-phase boundary layer),are smaller thar in nucleate
boiling. Therefore, if the rate of vaporication is suificlent for
uniform feeding of an existing vapor layer, the latter is more stable
than the two-phase boundary layer 1n nucleate bolling.

The result of this is the experimentally revealed fact that
£1lm boiling once developed, may ccntinue at heat-flux densitlies
smaller than er,1° Thus, Lr,1°%er, 2 and the constant in Formula
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(7-35), 18 less than unity.

In Pig. 7-9, data of experiments by V. M. Borishanskiy and
$. 8. Kutateladze on the boiling of iso-octane are plotted in the
coordinates (90r p); n these experiments, both the first and the
second critical heat-flux densities were measured on the same heating
surface. These experiments cover values of -2-up to 0.6; i.e.,
both the region where the eritical heat-flux ginsity increases with
pressure; and the rezion where it decreases'at eritical pressure 1is
.approached. _

By comparing the two curves, it can be estatlished tﬁat the
constancy of the ratio 2231- demanded by the theory is generally pre-
served within the whole r:nép of pressures investigatea,

According to existing experimental data, the constant in Formula

(7-15), for conditions of natural convection in the liquid, 1s of the
order of 0.17 to 0.22,

| 0 |

. ',)q:/rn‘

Figure 7-9. Effect of pressure on G, i and
»

Lr ,2 in free conve.tion, from experiments

with 150-octane,
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7-6. Effect of a Subcooled Liguid ii.e.E Below Saturation
Temperature] on the Critical Heat-rlux Density

Iet us isolate, by means of an arbitrary bounded control sur-
face F, a reglon (of volume V) of the vapor-liquid mixture.

Inside this 1solated region let discrete volumes of vapor and
1liquid be arﬁitrurily distributed, and let their number, thelir dis-
trivution, and the quantity of material hounded in the volumes change
With time,

Tae quantity of heat brought into the examined region is the
sum of the change in the heat content of the vapor and of the liquid
which have passed through surface¢ F, and of the heat which has
flowed into the examined volume by conduction. Thus, the heat balance
over volume V of the vapor-liquid mixture during the time interval
4’7% » Where u 1s the frequency of passage of vapor bubbles
thro;gh the surface F, can be written in the form of the following

integral equation:

. £ (s .-,-.:a)¢.+ ‘\' ( ;‘.1.'.':”_)‘“

+£(Jl:—‘- ‘F)l!- !(J—:—;“I -’ + 9"y lV)dt (7-16)

‘here 1" = r+ c" i1s the heat content of the vapor;

-9
t' is the terpersture of tie liquid;

[Lad

1} . -

is tie tempers:ure gradiert;

T}
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i1s the temperature gradient;

!r'\ e respectively are the components, normal to the surface,

eXE

of the instantaneous velocities for the two phases;

is the 1nstantaneous.volumetric fraction of vapor in

) )

Region V.
@iver. steady-state conditions and a heet transfer by conduction,

negligiole as compared to the transfer by convection, Equation (7-16)

takes the form:

( irel ‘,) - w ‘-11'-;0')‘!. (7-17)

when the temperature of the 1iquid phase in the examined region
13 less than saturation temperature (t' > _t_") , the heat content of
the 1iquid stream passing through this region increases due to heat
tpansfer from the vapor; 1i.e., the second term of Equation (7-17) is,
in this case, positive. Correspondingly, the first term of this
equation becomes, negative.

The physical constants of vapor, and time, are essentially
positive, and tberefore the quantity 1':" is negative; i.e,, in
this case the quantity of i‘lowing vapor decreases due te condensa-
tion in Region V.

At t' > t", the reverse effect oceurs; !.e., an increase in the
quantity of vapor takes place as 1t passes through the reglor of
superheated 1liquid.

when vapor bubbles (swept away from the heating surface in nu-

cleate boiling, or from the vapor layer in film boiling) rise, liquid
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flows in to f111 the volume left by the bubbles. As a consequence
of the resulting internal circulation in the liquid, pert of 1t
shifts from tne core of the stream toward the boiling boundary layer.

If the 1iquid 1s fed lrom the core of the stream which is below
the saturation temperature, then in the region of the bdboiling
boundary layer, a process of vapor condensation takes place, affecting
the structure of this layer.

It may be assumed that the peculiarities brought into the struc-
ture of the boiling boundary layer by intrusion of cold masses of
1iquid from the core of the stream aré :etermined by the change in
fraction of vapor in this region due to vapor condensation.

In that case, the corresponding determining criterion can be
obtained from the balance equation (7-16), written over the region
where the examined process takes place. This equation glves the

following criteria of similarity:

no.t , L . o'y
rru’ ¢vel’ ‘l

(7-18)

In well-developed turtulent flow ) ~eywd ard the second cri‘er-
ion can slso te omitted from the snalysis, The criterion !; is re-

tained in the fundamental system of eriteris (7-3).

Thus, Equation (7-16) introduces only one aaditicaai criterion

ne
YoM
for the degrees of subcooling of the liquid below the boiling point;

to the system (7-3). In addition, quantity At should stand

i.e., into this criterion should be introduced the quantity 033"-3',
where t' 1s the mear temperature in the core of the lijuid flow,

In the examined case we extend the system of equations (7-1)
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to the region of two-phase flow beyond the immediate vieintty of the
heating surface. In such an aria the ascent velocity of the vapor
and the velocity of the entrained 1iquid can be high enough to ex-
clude the possibility of the vanishing of Wye With such a more
general formulation of the problem, the last equation of System (7-1)

[ 4
gives the simplex ° « As a result, the final system of the criteria

of similarity red\ices to the forms

[ S T v, v, w, gl
Llh'-t‘)l" ey AT S T

(7-19)

where, under conditions of natural convection, the 1ast three of
these criteria are nondetermining.

By introducing into the first of these criteria the heat-flux
density according to (7-4), and considering only the process inde-
pendent of the linear dimension of the system, we arrive at the

eriterional relapion:

= et W v (7-20)

Taking into consideration that with # = O the condition (7-12)

applies, we can give Relation (7-20) the following fomas

— e/ T -2
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We can visualize moTre specifiéally the form of the function f b&
proceeding from the following considerations.

In order for a vapor £1ilm to Form in a 1iquid, the great bulk
of which is subcooled (at a temper;ture below saturation), it 1s
‘necessary to transfer through the heating surface a quantity of heat
,not less than that required for glving rise to the critical rate of
'vaporization {n the saturated 11quid and for preheating up to satura-
tion temperature the llquid mass drawn 1nto'the boundary region from
ithe cold cure of the fiow. '

The quantity of 1iquid drawn {nto the voundary region from the

|

|

'.

}core, when the latter 1s not subcooled, is !
!

+

0'-1';,—0—» ‘ (7-22)

jwhere B is the coefficient of recirculation of the saturated liquid
in the boundary reglon.

t This refers to that part of the 1iquid which f1lls the volume
jeft by swept-away bubbles, and which does ot come from the sutecooled
core, but 1s displaced from adjacent points in the boundacy reglon

as other bubbles are rormed.

Assuming that when the degree of subcooling of the 1iquid is

small the quantity g' remains unchanged, we can write:
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0=t J1+0-052] (7-23)

here gcr" 18 critical heat-flux density in the 11quid whose core is
sut.cooled;
9cr,0 is the same 1n a 1liguid fully st the satursation tempera?ure,
other conditions bteing equal.

Prom the latter formula it follows that:

(1) 9er increases with an increase i: the rubcooling of the
1iquid (below saturation temperature). This increase in the critical
‘heat-tlux density is determined by the additional heat which must be
spent for preheating the cold masses of liquid brcught into the
boundary layer by circulation. As a first approximatlon, 9er is a
linear function of # to the extent to which the coefficient of re-
ecirculation is constant at a given pressure;

(2) the relative effect of the subcooling of the 1iquid on the
eritical heat-flux density decreases with an increase in pressure.
‘This circumstance is explained by the fact that an increase in
‘pressure jncreases the density 7" of the vapor, and decreases, cor-
respondingly, the number and dimensions of the bubbles 8uipe away
from the surface of the vapor f11m. In its turn, the de~rcase in the
volume of the vapor bubbles lessens the quantity of cold liquid drawn
ipto circulation in the vicinity of the heating surface, and conse- ‘
quently the amount of heat required for preheating this liquid to

saturation temperature lessens; .

(3) the proportioﬁality factor in the group EL_:_A:_ is less than

i §
unity..

~
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In deriving Formula (7-23), it was aasxlxmed that the coefficient
of recirculation did not denend on the 11quid temperature. In this
cage, according to (7-21), the quantity (1 - n) 1s a functlon only

"
of the relative density of vapor LA
t

Y

- o ®» & & & w o

4
Tm.

Figure 7-10. Relative hange 1in . during bolling
der

in the subcooied 1lilquild with natural convectic..
Alcohol: (1) p = 1 atm. abs.; () p = ¢ atm. abs.;

A = § utm. abs,; (+) P = 10 atm. abs.;
water: (5) p = 1 atm. abs. (6) p = 3 atm. abs.;
Iso-octane: (7) p = 1 atm. zbs. j

Introducing this dependence into (7-23), we obtain:
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L -1+4(L) 7 (7-24)

In Fig. 7-10 the experimental data on der,1 for alcohol, water,
and iso-octane with natural convection are plotted on the coordinates
of Formula (7-24). ' : '

The quantity %; 1s taken as a parameter. From th2ce data It
may be seen quite clearly that:

(1) as a first approximation, the linear relationship between
- T and ¢ quite clearly stands up:

c'
(2) the effect of the group ; decreases with Cii bLicieasSe:

4n the relative density of the vapor, or, which is the same, with a

decrease in the relative density of the liquid %7 .

Thus, experiment has confirmed these theoretical deductions,
which are by no means evident at a glance.

The experiéental data given in Fig. 7-10 are described by the

formula

!&%-Hm({')"?. -5

The derivation of Formula (7-23) 1s not tied to any consider-
'ation of the magnitude of Lp.0’ 1.e., to the presence or absence of
»
a forced flow of the 1igquid. Theretore, the fundamental conclusions

on the character of this relationship are of general value,
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Figure 7-11. Effect of subcooling on the
eritical heat-flux density 4op, ror water

flow in annular spaces (p < Y atm abs.).

Figure 7-11 shows V. S. Chirkin's experimental date o~ ihe
system of coordinates of (7-25). These exp;eriments were conducted
in annular spaces by heating the inner core. The pressures varied
from 1 to 22 atm, abs, (—“- » 80), the water flow velocities from 0.5
to 14 m/sev., the degree of subcooling & from 5 to 80 C, the
diameter of the heated core from 1 to 10 mm, and the width of the
annular space ¢ from 0.5 to 4.% mm. - The following formula corres-

ponds to a straight line drawn through the experimental 4pointa:
Cer, 8 ' YWe'd
= .1 +0067 (L)%,
&r.0 (!')“ ’ (7-26)

The datz of S. S. Kutateladze shown in Fig, 7-12 indicate that

with extensive subcooling the relationship between Qp and # 1is

nonlinear.
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7-8. Effect of Flow Veloclt Channel Dimensiors,
' and Vapor Fraction on the quantity 9op

From (;(-3) 1t follows that the critical heat flux at zero frac-
tion of vapor (c' $ /£=0, 4"/ /u = 0) 1s a function of flow velocity
through the dimensionless parameter W' /gl The effect of viscosity
1s taker into account in conformity with (7-13) In the case of
the flow of a vupor-liquid mixture, w"/w' and vt/ v " are added to
the number of the determining parameters.

Thus, in a general form, we may write

l-l[d./_ri_-'—- ¥ L —,3(1-2-'—) V—_—l (7-27)

Here & 1/r = (L0100 - 18)/r 1s the relative difference between
the heat content of the flow and that of the saturated liquid.

With _E_ = t", the quantity ai/r 1is numerically ejual to the
mass fraétion of vapor in the mixture, 1.e., 1t 1s the mass analog
of parameter 8. With _'§<3", ayr =-c'd /r can also be con-
sidered a "negative fraction of vapor." This modified version of
the criterion K =r/ c 4 t was used 1n such a form by M. i. Suyui-
ikovich, 2. L. Miropol'skiy, M. Ye. Shitoman, V. Ye. Dor~shichuck and
some other investig:tors.

. Under forced flow, in order to produce a continuous vapor film,
i1t 1s necessar, to aecelerate the liguid forced out of the layer

adjoining the wall to the velocity of the vore. In connectlon with
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this, the higher the liquid flow

velocity, the larger the work re- '
Qory ¥ keal/m*hr ’ :

. v quired to form the vapor £1lm. The
‘ quantity 9er increases accordingly
: y I In Fig. 7-13 the results of
A :=1*ff cxperiments with channels having
? wide slits (& >3 mm) are plotted
i " on generallzed coordinates. As.
may be seen, quite different data
Figure 7-12. 9.,y VS: for are in agresment, The results of
:2;‘:;“‘(’; Slaaﬁ,ﬁeaig?‘)‘t” a short serics of experimants DY
g:‘)/sg.;"l: m%?egééurg)cgr‘\? McAdams confsrm qualitatively to
vection in a large vclume. the findings of Soviet Investl-

gators, but their absolute values are lower,

According tu V. S. Cnirkin, in slit channels with § £3 =7,
the quantity q,. decreases approximately in prcportion to th2 0.Tth

power cof &.

The average line draan through the pcints in Fig. 7-13 Is
described by the formula
c.osse (LI,
ol (5=") (7-28)
The actlon of the fractton of vaper in the stream cn 3., 188

a dual characler. At unchanging mass veloclty and rather small mass

fracticns of vaper In the stream, increase li the stream's size glves
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T,
it 1
a
n .. p

1 A= 4,10
Figure 7-13. 'VE:V;!'——I_')

. ’ .
vs. .",’.L.:'.'- for flow in

a slit channel. The inner core
is heated. Experiments of
Kutateladze, ¢ = 0; (1) p =

= 1 atm. abs.; experimeais of
Averin and Kruzhilin, 8 = O;
(2) p = 1 atm. abs,; (3) p =
= 3 atm, abs.; = 5 atm,
abs.; (5) p = 9 atm, abs.;
experiments of Chirkin and
Yukin, & > 0; (6) p »22 atm,
abs,

an increase in the velocity of

the mixture, which leads to an in-
crease in Scr' This increase 1is
especially noticeable at moderaic

.’ L 4
pressures 7 » ¥ when an al-

ready small mass fraction of
vapor greatly increases the spe-
cific volume of the mixture. With
a further increase in the fraction
of vanor a decrease in the fraction
of water of the stream begins to
show,

In this region the flow now
consists of vapor entraining drops
of 1liquid, and the preservation of
the two-phase boundary layer de-

pends on the rate of collection of

1iquid drops on the wall,

Since the rate of this spraylng decreases with a decrease in

thé fraction of water in the mixture, the specific heat flux at

which deterioration of -heat transfer begins also decreases ahruptly

as the fraction of vapor increases. However, the change in the.rate

of heat transfer in this region of vapor fractions should not be con-

sidered as a critical change associated with the upsetting of the

.stability of the‘two-phase boundary layer. The laws governing this

heat-transfer deterioration have not been toudied sufficiently as yet;

nevertheless, it can already be affirmed at present that they differ

greatly from those which apply in a large volume or in a rorcéd flow
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Figure 7-14. Temperature difference (A t) betveen wall and streanm
vs. specific heat flux (g). Obtained by M. Ye. Shitsman and Z. Ya.
Miropol'skiy in & stainless-steel tube 21.5 mu in diameter heetul
directly by an electric current. The points are labeled with ref-
erence to relutive enthelpies 1 = 11/ r=2% (1,2) p = 161.8

ks-!‘orce/“-ﬂz; Xn © 0.363; !‘ = 890 \‘B'f"ce/l‘z sec; (3,4) p -

= 183.0 kg-rorce/cna; X " 0.545; v = 875 ks-force/m2 sec; (5,6)
p =182 kg-!‘orce/cgz; L 0.074; - 869 i:g-fox-co/m2 sec.

of a stream with.a small fraction of vapor.

Even at comparatlvely moder.te flow velocities of the steam-
water mi.ture, the detérioration of the heat transfer loses 1its criti-
cal character. Upon reaching 2 definite thermal load, %l wail tem-
perature incre.ses rapidly but not by Jumps (Fig. 7.14) In this
. reglon one Qan no longer speiik even of u definite value of dop? but
one can only fix thut magnitude of the heat flux at which an increase
in the wall temperature 15 some speciflc magnitude, for instance, 50°C.

The examined reglon has a particular significance at increased

pressures (E 0.5), even when an abrupt deterioration of heat

ECI‘
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transfer conditions is observed 1in

sharply reduced heat fluxes

(3 « g,,) and vapor fractions
x & 1; this can be scen in Flg.
7-15.

As the experiments of M. A.

by force/em?
Styrikovich and co-workers havz

Figure 7-15. Dependence of shown in the fleld of near-crii;;.cal

the critical .nass fraction
of vanor Ao on pressure and

on specific heat fluz at ref- 1cal change in heat transfer
erence mass velocity of the
vapor W' = 140 kg-force/m?sec; during boiling in tubes acquires

(1) g =300,000 kcal/m"? hr;
(2) g = 100,000 keal/n” hr;
(3) g = 500,000 Kkeul/m® hiv;
(4) q = 600,000 kcnl/m2 nr. scribed above. Investigation of

pressure, the phenomenon of a crit-
an extremely singular character,
different from the phenomena de-

these specific thermal pro:esses

13 beyond the scope of this book.

)
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CHAPTER EIGHT
ATOMIZING LIQUIDS BY SPRAY NOZZLES

f.1, Methods of Atomizing Liquids by Spray Nozzles

The atomization or liquid 1s widely utilized in the most diverse
branches of modern engineering: 1iquid €uel is burned in an atomized
form in different kinds of combustion systems; hot gases are cooled
by means of an atomized 1liquid in various equipment used 1in the
chemical, fuel, and other {ndustries; vapor-gas mixtures are obtained
by means of atomization, etc.

In most cases, the rate at which the pertinent processes takes
placé 1s determined by the rate of evaporation of the liquid, and by
the diffusion exchange between the medium and the surface of the
drop. In connection with this, ability to obtain atomization with
proper drop size, knowledge of the fractional composition of the drop-
size range, and the spray-density distribution throughc:t the cross
section of the Jet--all these are of first rank practical importance.

At the present time two types of atomizers (spray nozzles) are

used: mechanical and pneumatic. In the mechanical spray nozzles,

the 1iquid 1s fed under hign pressure ‘up to severel tens of atmos-
pheres) and 1s discharged into a gaseous medium usuaily having a
low flow velocity. In the pneumatic spray nozzles, the initlal

1liquid velocity i1s not high and atomnization takes place in the gas
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gtream which entrains the Jet.

Pneumatic. spray nozzles are generally 41vided into two typem
the high-head nozzles (a5 high as 3 to 4 atm.) with relativeiy low
specific gas discharge rates (0.3 to 1.0 kg. of gas per kg of 11quid),
and the low-head nozzles (less than 0.1 atm.) with a relatively high
speciric gas diachargé rate (4 to 10 kg of gas per kg of 1iquid).

The process of atomization (breakup) of the 1iquid 1s determined
by the interaction of the 1iquid with the surrounding gas. ‘Here-a
most crucial role 1s played by the shape and the angle of twist of
the liquid Jet, depending on the configuratioh of the flux'in front

of and behind the extrusion orifice of the spray nozzle.

8-2. Principal Parameters petermining
the Atomizing Process

Atomization of 2 1iquid Jet being discharged from & given orifice
into gas-rilled space is the result of the interaction of the 1iquid
stream and the gaseous environment. This interaction is extremely
complex since 1.0t only does the Jet itself break up but also the
independent primary drops. '

The starting conditions for the stream under examination are the
conditions for its discharge from the spray nozzle. These conditions
are determined by the geometric configuration of the cn-mber, the
spray-nozzle orifize, und the discharge velocity of the Jet.

In the most general sense, the process under consideration--as
any flov in a gas-liquid system--1s described by.the equations of
moticn of the phases and by the conditions for their interaction at
the rounderies, Here, tecause of considerable velocitles of the

aquid Jet, sravitationsl forces (ss compared with inertis) can te
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in comparison with inertla,

Moreover, in the reglon where the breaikup proces3 takes place,
the 1iquid-phase flow sets up extremely strong turbulen® perturbatlions
{n the surrounding a3, In connestion with this, the forces of molecu-
lar fristion in the gas phase can also be disregarded,

Taking Into conslderation what was sali above, wa can write the

funiamental syatem.of equatlons in the following form:

—gedy + ¢ vHO=y %.;
P
-Mf—f%: (8-1)
dve’-0;
’&") -1 (%), :
r T*‘(%b == (o)) + 0(-'-. +—é):

%=

here, V4 and v, are the fluctuating veloclty components.

These equations zive the foll:wing primary simtlarity criteria,

‘Jg_ -1 .AL. ol apl. ¥
port’ v yeet’ #-‘ ﬁgq :" (8-2)

Conaldering that
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|

we can write a system of criteria,'strictly equivalent to (8-2), but

-and ' . '
!
!
|
|

‘containing one less criterion:

205 5 (8-3)

Among the conditions which uniquely definie the examined process
are the gébmetric dimensions of the spray nozzle, flow velocities ofl
the phases, and the physical constants in the equations of (8-1). let
us form, as usual, combinations from the criteria in (8-3), so as to
1solate the maximum number of groups composed only of quantities that

are among the conditions uniquely defining the problem. We have:

L QRO |
o or et (8-4)

Consequently, the following system is equivalent to systen (8-3):

.L..L".ﬁ'.:‘r;"_';_:’_. (8-5)

...,,0.',‘0 s ° ’e .

|
|
i

four of these criteria are determining.

[}
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Evidently, the highqf the rate of the bfeakup process, the
greater the dynamic interactlon between the Jet and the gas. This
interaction depends on their relative velocity. Therefore, it is
expedient to introduce the relative velocity of the gas into the
eriteria in (8-5) instead of 1ts ;bsolute veloclity:

e -,
Taking this circumstance into account, we can write that zny
determinable criterion for the atomization process in geometrically
similar spray nozzles is a certain function of the following deter-

mining dimensionless parameters:

F:f—.‘;:s:

s|q

). - (8-6)

8-3. Breakup of a Simple Jet

A liquid Jet discharged into space begins to oscillate, interacts
with the surrounding gas, and breaks up into drops.

In Fig. 8-1 are shown photographs of the discharge of the ligquid
Jet into a gus with cdifferent densities. As may be seen, the greater
the gas density, the more complete is the disruption of the Jjet.

Figure 8- shows the results of one of the experiments by V. I.

Blinov and Ye. L. Feinberg (Feynberg) determining the shape of a Jet
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discharged from an ell!ptical ori-

fice, The distance from the plane
of the discharge orifice 1s plotted
as the abscissa and the thickness

" of the jet as the ordinate. As

may be seen,‘the Jet has an e.-

tremely pronounced.wave character.

The waves originate at the exit of

the nozzle, and are gradually
damped as they move away from the
Fig. 8-1. Photographs of =

Jet of liquid fuel discharg- orifice. Once these waves have

ing into uir at vurious pres-

. sures. Rnozzle = 0.5 mm; been :zompletely damped, unstable

{gezsﬁiﬁ ifbgr?ngiiﬁigoiiie; waves begin to develop vhose ampll-
. 8 o ¢ .y Q-

cosity: 0.1° poise; oppuslng - - .
pressure: (1) 0.021 atm. ubs.; tude continually increases along

ggg‘t ?ﬁ?.T?gs;émS-Zbi:t atg the Jet and finally causes it to

(5).1“'5 atm. abs. break up into drops. The charac-
ter of the oscillutlon of the heat depends essentlally on the flow
velocity (all othier conditlons being ejqual). There exists a
velocity at which the stability of the jet 1s greatest with resyect
to the eitent of its solid portion.

Figure 8.: shows the results of some e:periments demonstrating
how the length of the solid portion of the water Jet discharged into
the atmosphere chunges with the head 2t the nox:le e.lt.

As yet there ure no ~omplete solutlons of the problem dezling
with the bre:kup of the 'et. However, 2 quife far-reaching elabo-
ration of 1t hus been accomplished in the works of Rayleigh, Weber,
Petrov, Kilinina, and others. T™is theory is based on the concept

that the Jet breaks up as 2 result of an upsetting of the ejullibrium

\
(]
-~
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Figure 8:3, length of the solid portion of 8 water Jet
discharged into the atmosphere vs, head at the nozzle
exit, (1) Orifice D = 0,08 mm; (2) D = 1,0% mm; (3)
De 1,25 mm,
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Pigure 8-2. Shape of a jet discharged
from an elliptical orifice. ]
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'6f the tree surface of liquid under the effect of surfa~e tension.

'The insignificant initial perturbations leat td the formatiom of invel
‘with spontaneously increasing amplitude, this pro:ess being sped up
by additional perturbationa due to the relative motion ct the liquid ‘
and the gas.

The equations of motinn and continuity for the jet can be written

in terms of the correspnnding fluctuating components of velocity and

pressure in a cylindrical system of coordinates:

PV Y )
rpe-v(E Rt R)
(Do _ o (B B ) B )
PRttt RS (8-7)
[ I
+“+. o

here v, u are the fluctuating velocities in the radial and axial

directions}

' 18 the fluctuating pressure in the jeot.

The boundary conditions are written according to (8-1), but In

a simpler form. In particular, the tangential stresses on the Jjet

surface are assumed to eqﬁal zero. We have:

«™® |
p’(g +%)b =0 (3-8).
“+9(g) =+,
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4

where #' 13 the fluctuating pressure in the gas;
T, is the fluctuating pressure caused by the forces of
surface tension,
A particular solution of this system of equations for the time

changes in the amplitude of oscillations has the form:
R ]
.- —-; — f.
g w)

where q 1s the increment of oscillations in the !=t, determined ap-

proximately by the equaticn

2 oo - v,
v'+c'..=t' an! ne+ "',.:l.(t). (8-9)

l.ere l_!o is the mean radius of the Jet;
¢t = ?'TB 1s the wave number ( A 1s the wavelength of the
osciilations) .

Por oscillations leading to the breakup of the jei, g > L.
Then, the most rapidly increasing oseillation is of decicive im-
portance,

Examining Equation (8-9), written for this oscillation, one is
convinced that it glves two determining eriteria corresponding to the
first two criteria of the system (8-6). Moreover, Equation (8-9)

gives nondetermining eriteria containing the inerement and the wave

number of the oscillation which leads to the breakup of the .Jet,
b y
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8-4. msmg of a Single Drop

The behzvior of & single drop entrained by a gas stream depends
on the relationship between the dynamic effect which the stream has
on the drop and the "strength" of the drop, which depends on the
surface tension and the viscosity of the 1liquid. The interaction of
the liquid and gas 1s generally described by the system of equations
(8-1). This system leads to four determining criteria in (8-6). For
a single drop entrained by a stream, the velocity w' drops out of the
conditions which uniquely define the process, and accordingly the
last two criteria of the system (8-€) cease to be determining.

Brealkup of a drop of a given diameter bégins at a snecific ve-

locity of the entraining stream. This veiocity, which may be deonoted

—"cr’ 1

breakup process. Among the latter are only the drop diameter and

s a function of conditions which uniquely define the drop

the physical con.tants in the first two criteriz of the system (8-6).

Hence, it can be assumed:

'.&:’0 -I(;%w. ' (8-10)

where 20 48 the “nitl.l dror diameter.
For low-viscosity liquids, when the breakup process does not

for all practical purposes depend on ', it follows from (8-10)

‘that:

%% | on;

(8-11)
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o ™= —
[ Seemcony/ (8-12)

A8 M. S. Volynskiy's experiménts have shown, one must distinguish
two critical velocities of the entralnirg rlo""!"cr,l' at walci: only
single drops of dlameter D pegin to break up, and ﬂ"cr’2, at vhich
all drops of the glven diameter break up.

According to these experiments, the interval where the drops -

become unstabie is determined by the inequallty

1> 25 107, (8-13)

Figure 8- glveus curves gshoving the stabllity of water and gaso-
1ine drops in an uair stream at atmospheric pressure.

At velocities close to E"cr,l the drop splits up into two almost
equal parts, and.a number of minute dror’: ts are also formed. At
velocities of the order of g"cp : &~ higher, the drop breaks up (1s
atomized) into a greater number of druoplets whose diameters are un-
equal and considerably less than QO.

Figures 8-5 and 8-6 show nhot., raphs of the drop-splittinz
process obtained by M. S. Volynskiy. Figure 8-7 shows photographs
of the drop-atomi.:ation pro-ess obtained by Lane. Apparently, at

velocities w" >’E"cr’ a flying drop is drastically distorted into 2

‘o
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Pigure &E-4, The curves of the stability of water and

agoline drops in an atr

1) upper limit of stability;

stavllity.

Figure &5, Splitting drop.
Castor olls 90 = 3,0 mn;

v = 28 m/sac.
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stream of atmospheric pressure.
(2) lower 1limit of

Figure 8-0, Splitting drop,
Castor 011: D, = 3.8 mm;

v = 35 m/sec,; nearby, a drop
In a phase corresponding to
the regime when there is no
splitting.



3

Figure --7. thotoyrruphs of
+he drop rtomizatior process,

Flgure -, Iressure uls-
tribution (rose:ie) in :low
p:gt o sphere,

Faid=9rld v

body with & <hin shell hich when
rupsured will give rise o a

range of small ard minute droplets.
The character of the gas flow pas:
the drop 1s the czuse ol this
distor<ion,

During flow past zn origlnall:
sphericczl drop, the change in flow
velocitles across the boundory
layer ~r.d in the sepura-ion reglon
(Fig. S=C) cavses distor:ion of
the drop zrd the subsequen- de-
velopmen: of - pressure-distriiu-
tion rose:-e, AU <he firs: s-age
of +his process, ~he drops ‘laien
sut in -he direction of ~he flow,
1.e., assume -he shape of & round
rla. disk, the plare of which 1s
perpendicular o the direculon of
+he veloclty vector, Luater on,
dis-or:lon becomes more I™ -
souwnced, hoving the nature of o
curg: snd leading to rtomizatlon

oY “he ori;inzl drop.

i
ic
W)




8-5. Mean Drop Diameter in Atomization
by Pneumatic Spray Nozzles

As has been pointed out above, the iasic characteristics of the
nature of atomization are the fractional composition of the drops and
the spray density distributlon throughout the cross section of the‘
atomized jJet. The mean drop diameter 1s somewhat of an over-all.
characteristic indicating to some extent the nature of 1lquid
etomization by u given spray nozzle,

There are several methods for determining the mean drop diameten

The mean diameter, determined from the property of welght, is:

5. 27 (8-14)

where g1 is the ;otal weight o1 the drops of dlameter 91‘

At-the presen. time, there is a considerable amoun; of experl-
mental research on different spray no::;es. ‘

In order to ascertain the basic laws governing 1iquid atomi-ation
by preumatic sprayers, let us examine the results of a very thorough
and methodical study carried out by L. A. Vitman, B. D. Katsnel'son,
and M. M. Efros, under I, I, Paleyev's direction,

' Figure 8-9 shows the relationship between the relative mean
drop diameter B— (where Do {s the diameter of the spray-noz:le orifice)

and the first group of (8-5), from data for one of the spray nozcles,

In these experimerts, the alr velocity changed within the range from
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43 to 121 m/sec., and the liquid velocity within O. 55 to 2. 3 m/sec.
No influence of the relative flow rate of the phases -.,- was revealed
in these experiments., As m.y be seen from the graph shown, the ex-
perimental poin?s fall properly on a logarithmilc straight line with
a slope n = -0.45. At the same time the distance of the drops from
the spray-nozzlie orifice has no noticeably appreciable influence on

the mean drop dlameter.

ft ' Bt The proportionality factor
]
o [ | ::5 in the relation
ol
- “ ~ .
::[l i %-4(_" ) (3-15)
i '
m I'T'lt"' proved to be differen* f4v yarious
i 1iquids, It follows from (8-6)--
= LK —
. - since the experiments reveal no
3 p By , LA
F_‘igure 8-9. :D" Vs, - influerice of the parameter E.—
from experiments with pneu- and, consequently, none of para-
matic spray no::iles, o2
(1) ny 4 6 - 10 1& (,)) meter ——r—rz— --that this dif-
n 8+ 107 (3 )
1 =~ 5’ . ference is determined only by the
0, A% 5 « 1077; where n) =
- "2 viscosity of the liquid and 1s
R characterized by the second eri-

terion of (8-6).

Figure £-10 shows the relationship

2w (16

plotted from experiments with the same spray nozcle, The viscosiuly

of -he atomized 1iquids varied in these experiments from
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0.067 + 1073 to 54.5 « 1073 kg + sec/mZ,

" [ BRI
‘o :I ' hm mnlil ): Qe
HIH iz g :
I o s b )
st i : i e sl
“ HHERHE HHEEER
o ' E L ] "H" ' u §
e smesuIastLle "
s ; 7e
o s : as
[ & o | o u

Figure 8-10. Generalized relationship

2
D »"w°D 12

. - - 20,0.45 .
between U- (——"' ) and (_’T-;T‘ .

®rom the data shown, it may be seen that the effect of viscosity

on the drop size is cnly substantial when

;.'%nl. (8-17)

Experiments with a number of other spray nozcles (three of which
are shown in Fig. £-11) have confirmed the indicated laws, The work-
ing formulas prop.osed by L. A. Vitman, B. D. Katsneltson, and M. M.
Efros have the form:

at ;%_- >05
B nvom(z)” s
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[
R (810)
%( .TD")"-“HA".'— 1.2“1':-.0 )ﬁn. -l

Figure 8«11, Section:l view ol spray nozzles:
(a) sTs-FDM-1; (b) STS-FOB-2; (c) STS-FDB-1

The quantity 50 depends on the design of the spray nozzle (Table
8=1),

Table 8-1
Type of Spray Noz:cle 50 Jir} Angle of cone
STS-FDB-1 1.20 2.3 2g°
STS-FOBa2 0.90 2.8 30-47%+
STS-¥DM-1 (Kel'man's) 0.78 2.6 to 3.0 22°
Glushakov's 0.75 2.3 25°
Two-8tep 0.61 2.8 29° .

#Depending on the size of nozzle orifice and insert.
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Thus, the rineness'or l1iquid atom’ization by pneumatic sprayer
1s approximately inversely pfoportional to the square root of the
kinetic energy of the gas.

.The relative velocity of the gas-liquid stream for the case when

primary and secondary air are fed to the spray nozzle 1s calculated

o '/ @ (8-20)
. a|’4’0"

is the initinl relative velocity between the primcry air and

by means of the formul:

%0
the liquid Jet;

Yoo 13 the relative velocity of the gas liquid‘stream encounter-

ing the secondary air;

g& 1s the mass flow rate of primary alr;

QE 1s the mass flow rate of the secondary air.

8-6. Fractional Composition of 2 Jet
AtomIzed by a Pneumatic Spray Nozzle
(Spray Density]
The process of liquid breakup st1ll continues after a continuous
Jet has broken up into single drops by the mechanism descrired in

Section 8-%. The resultant appearance of a complex breaiup mechanism
in a2 Jet dissolving into : number of drops has a probabilistic charac-
ter. In fact, the experimental curves of fractional distribution .
have precisely such a shape. In connection with this, for fractional

(drop si:e) distribution of an atomiied liquid, one can aérot the

formula

]
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=34 I-na 2~-00

Figure 8-12, Drcp-size distribuiion at various flcw rates.
%1) w = 120 m/sec ; (2) w = 94 m/sec; (3) w = 60 m/sec.

L 3 )

fog Q-6 §-0 4§-0 J-} f-0 F-o

Fizure 3-13, Charactor 2 drcp distribution by fracticns whan
atomlzed by pneumatic soray nozzles, .
1.15° Engler; '33 1.3 E.; (3) 35 E.; () 7TC E.; (5) 137°E.;
(o) 31.5° E.; 27 5a- E. '
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er-{o(1+ 8T e

where v 1is the fraction of 1ijuid consisting of drops of dlameter

greater than 21;

misa paramete~ characterizing drep distribution.

LU
ég- : ‘
T -
" » -
-
el W
7
[ [O* 0 M wa
Figure 8-1:. -Spray density Figure 8-15. The shape of the
throughout *»:@ :ross section sheet for the STS-FOB-2 spray
of a sheet frn one of the nozzle.
pneumatig spray noz.les. x 18 the distance from the
q [fen/em71s the spray den- orifice;

R 1s the distance from the axis.

sity; R is the distance to
the axIs of the sheet.

Results of experiments by Vitman, Kitsnel'son, and Elros, shown
in Fig. 8-13, demonstrate that the experimental points for a2 given

type of spray no.:le are s:tisfactorily correlated by the relation
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vo(3) ‘8’22’,.

Values of parameter m for the spray nczzles examined above are

shown in Table 8-1,

A typical spray density distribution for pneumatic spray nozzles
is shown in Fig. 8-14, Here, Ly spray densify 1s understood the flow
rate of liquid through a unit of Jet cross section.

The shape of the atomized Jet charact:rlstic of noncentrifugal

spray nozzles 1s shown 1n Fig. §-15.

8-7. Motion of a Liguid in the Chamber cf a
~Centrifuzal Spray Nozzle

The conditlons necessary for Jet atomizatlion in mechanical spray
nozzles are created by sultable organization of the liquid flow 1in
the chamber precedinz the spray nozzle orifice, .

The thecory oé the motion of a liquid in the chamber of a centrifu-
gal spray nozzlé was develcped by G. N, Abramovich. -

A diagram of a centrifugal spray nozzle 1is given in Flg. 8-16,
The 1iquii is fed intc the chamber of the spray nozzle tanzentlally,
as a consequence ~f which the stream acquires a twisted mction, The
rozzle orifice is s'tuated in the front wall of the spray nozzle.
when the twisted Jet 1s Jischarged from the spra; nozzle, the effect
of centripetal finrces from the rigld walls ceases, and the Jet breaks '
down due to non-steady-state csclllations, The drops are chéreby
scéttered 'n a pattern o rect!linear streams, tangent to the c¢ylin-
drical surfaces éOﬁgial with the spray nczzle oriflce. (31;. 5-17).
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Figure 8-16. Dlagram of cen- Figure 8-17. Spraver exit
trifugal spray no.zle, orifice cross section.
The.angle & , between the lines of atomization and the‘spray-
nnz:le axis, 18 determined by the ratio of the tangential velocity
w! to the translational velocity !ﬁ in the exit cross secticn or the

t
nozzle orifice:

L (8-23)
.,

If the effect of friction 1= disregarded, the momentum of a
liquid particle moving relative to the sprayer axis, will be constant.

Hence,

| R=aR (8-2“)

where Ein i3 thz velocity of the liquid entering the spray no:zle;
R' 1s the radial distance from the spray-noz:le axis to the
1iquid particle in the entrance orifice of the spray noz:le;
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g% 4s the tangential component of the 11quid velocity in
the soray-nozzle exit orifice;

R 1s the radlal distance from the spray nozzle axis ©o the
1iquid particle 1in the exit orifice.

Disregarding the difference in the entrance and exit orifice

levels in comparison with the head, cn the basis of the Bernoulll

eqguation we can write:
] '] gl

Pa L i by " T o const; |
et e~ T w oo (8-25)

hence, taking into account (8-24), we have:

gron- - -2

where H is the total head:

From (8-26) 1t may be seen that at the spray-nozzle axis (r = 0)
the flow veloclty must go to infinity and the pressure sust go to
minus infinity. Such a stite 1s physically impossible and hence
there must be a mechanism maintaining a certain pressure at the
spray-no..::le axis. This pressure cannot be noticeably below the
pressure in the gas since the axlal area-of the stream s in contact

with the gaseous medium outside the spray no:zzle.
[} .
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Hence, 1t follows that the central part of the spray nozzle
cannot be filled with liquid and that a gaseous vortex with a pressure
equal to the gas pressure outside the spray nozzle will deﬁelop in
that central portion. The 1liquid is discharged from the spray'nozzle

through an annular cross section of area
o-e(R-R;), (8-27)

where 50 1s the radivs of the spray-noz:zle orifice;

3('; 1s the radius of the gas vortex.

The rilled fraction of the nozzle (coefficilent of the effective

nozzle cross section) 1s
* \?
'-I—(-;'.-) : (8-28)

Let us examine an elementary annular plane 2¢R dR in the
nozzle-exit cross section. The change in pressure along the nozzle

radius 1s proportional to the centrifugal force, 1.e.,
o _r 18-29)
a@®

I

From (8-21) 1t follows:



o (8-30)

where !'t b i3 the tanzential velocity at the surface of the gas
H .

vortex,

Differentiating (8-30), substituting the obtained valuz of dR

into (8-29), and integratlag, we zet:

o
.s.-..!‘i--q-c. (8-31)

In the gas vortex, the excess pressure 1s aqual to zero, 1.2.,

_% ., ca
» 160 (8-32)
hence¢
2.%_o
T 8 §°

Combininz (£-32) ani (£-20), we fiad shat

o y)
-3, (6-33)

i.e., the translational velcelty at the exit of the spray nczzle is
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a constant quantity

The volumetrir liquid fiow rate through the spray nozzle is

Vaoil (8-31)

where !6 = !ﬁ 13 veference velocity of the 1liquid discharge from the

'

nozzle orifice,

On the other hand,

Ve oRls, (8-35)

where Q,A J3 the radius of the orifices through which the iiquid is
fed to the spray nozzle; and

n 1s the number of thesc orifices.

Combining (8-34) and (8-35), and taking into consideration (8-24),

wWe can write that

(i)
~-sfEr 0 e

G. N. Abramovich assumes as an approximation that R' = Ech'gin’

where Ech 1s the radius of the vortex chamber.
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—_— e e e - it bt o

The tangen’cial velocity near the chamber wall is

R S (8-37)

On the .boundaz-y of the alr vortex

o ﬁi_:',:.‘ﬁ | (8-38)

hence, taking into account (8-28), we get:

(8-39)

o R

Substituting the value of Wl , from (8-29) into (8-33) and
»

solving the obtained equation for the total head H, we find

”— (—'- + _:—.-) * (HO)

v

ll:,,

where .
A 18 the geometric characteristic of 'nray nozzlei

A- B‘— .:g ‘o .
ar’, (8=41)

P-TS-9814,V - 237



Hence,

o-1VigH. (8=41)
where

tm et : (8=42)

1 »
f+l—|'

1s the spray-nozzle coefficlent of discharge.

’ In order to establish the relationship between ¢ and A, which
are the fundamental geometric characteristies of the mechanical cen=
trifugal spray no:zle, G. Ne Abramovich introduces the condition for

maximum rate of discharge of the 1iquid through the spray nozzle

a_ (8-43)
& o :
‘with this condition
. L T '
Vi a4

\ l-'l/_—

The volumetric rate of difcharge of the 1liquid through the spray

inozzle, according to (8=34) and (8-41), 1s
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VRV (8-45)

Figure 8-18 gives the relationship of the coefficient of ef-

fective cross section of the spray nozzle orifice and the geometric
stic A, calculated by using the fiprst formula of (8-44).

characteri
referred to the average

. Introducing into (8-23) the velue of wi,

radius,

R 5%._.& . {8=46)
1.e., the quantity
v 3.%._ (8-47)
we gett
__e-aVi _ - (8-48)

e I
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]
- 3
” N 1 4)

' ] ]
i = v

Figure 8-18, Ccefficlent of Fizure 8-13, Tan @ and a

effective cross sectlon 73, vs. A.

the geometric characteristlc
of the spray nozzle,

Figure 3-1% 5h'ws the dependraces of'tan a and & on A, cal-
culated from Formala (€-43), ‘

Syperimental cheexing has lemonstrated that G, N. Abramovien's
the  ry deseribes ‘corprectly the basle liquii flcw characterlstices In
a centrifuzal meshanlzal spray nozzl2, Howevar, th{s thecry does not
take into account the vistosity effect on 1ijuld flow in the 3pray
no>zz12 and says n-<hing adout the atomization prccéss. Thes2 problems

can be s>lved by experiments basei on the Zeneral theoretical propo-

sition3 develvped at the beginning >f thils chapter,

8-C, Cocel!

In a general case, the guantity &, entering fa%o Formala (8-43),

13 a funeticn of the gZecmetric paramaters °f the spray nozzl2 ani :f
' .
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thé criterion of hydrbdynamic similarity:

Rew S0 (8-49)

where 90 = 230 13 the diameter of the spray-nozzle orifice.
We will discu.s below the basic results obtained in the experl-
mental work of A. G. Blokh and

i~ Ye. 8. Kichkina. Thc experiments
H&lk\. were conducted with nine spray

nozzles designed as in Fig. 8-20.

s ===

The vortex-chamber diameter D, =

-‘
a
-

= egch varied from  io 5 wi, the
vortex-chamber height Ech from 2
to 6 mm, the diameter (Qin = Egin)
of the tangential grooves varied
from 0.3€¢ to 1.58 mm, and their

number from 1 to ¢; the diameter

Plgure 8-20. Diagram of ex- D, of the nozcle-exit orifice
perimental centrifug:l spray
no:zzle. , varied from 0,3€ to 1.58 mm, and

( ) the geometric characteristic A =

" Den = Dynl) D,

=ch _<=in’ =0
= e nD2

-=in

conducted with water, solutions of' glycerin and glycerin soap, g2s

varied from 1,72 to 9.51. The experiments were

oll, and kerosene.

Results of these experiments relating to the coefficlent of
discharge of the spray no:.le are shown in Fig. 8-21. It turns out
that it may be assumed with sufficient accuracy that

)
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v=t(n 28; 2. (8-50)

In the region Re! < 1.6 - 10"

efy‘f’j__'-la ',’/r_.:_:':. (8-51)

where ¢ 13 taken az a function .f A from the curve in Fig. 8-18.

i VE

fm a by B4 I

L i-g Fy ba P-g B4
’ -0 =9 f-% -4
= 1)

L
Figure 8-21., Relation (8-50) from experiments ~#ith mechanical
spray nozzles, &, from Formula (8-&2?.

vater: (1) A = 2.62; (2) 3.74; (3) 4.4; (4) 1.72; (5) 2.12;
(6) 2.35; (77 2.9; (8) 3.87; (9) 9. 1; (10) glycerin,

s = 3,1 ¢ 107 kg-force °* sec/mz; (11) glycerin,

s = 29,6 ° 10"‘ kg-force ° sec/me; (12) gas oil,

s = T.84 « 107 kg-force - sec/me; (13) kerosene,

s = 3,08 - 10"* kg-force * sec/m2; (14) water,

=1+ 10" kg-force + sec/m",

At Re' > 1,0 ° 104, the coetficlent of discharge, for practlical

purposes, depends nelther on viscosity nor, apparently, on :%9- ,
=0
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8-9. Liauid Atomization bﬁ a Mechanical
Centrifugil jpray Nozzle

The gas vortex in the centrifugal spray nozzle and the rotational
motion of the Jet be'ng discharged ~ause the Jet to acquire the shape
of a hollow rotational body. In connection with this, for the cen-
trifugal spray nozzles a spray density distribution 1s'typ1cal in
which the central region of the sheet (the atomized Jjet) 1s filled
with a small quantityvor 1iquid, and at some distance from the axis

the spray density reaches its maximum. The prescnce of a certain

Figure 3-22. Relative spray density distribution durine Jow-
viscosity 1liquid water) atomization by a mechanical spray
nozzle. (A = 5..8) (1) p=.0 atm. abs.; () p = 29 atm, abs.;
(3) p = 5 atm. abs.

v

Annular cone |7J iz fv |V vi lvir JVIII| IX X XTI IXII
. number , . . 1 -
Boundary cone |1€ xs | 8o jr1z {14 {27€ 208 240 {272 {30+ 3:€]368

diameters, mm I

quantity of 11uid in the central :one is e:plained by the fact that

individual drops are sarpled away from the main Jet'because of
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Effect of via-
cosit) on he relative spray
density in atomizatlion by
mechanical spray no"ules.

(A = 4.b).

(1) water (p = &. 5 atm, abs,;
st =1 ° 107 -4 kg-rorza: sec/m?;
¢ = 7.3 . 10°3 kg-force/m);
(2) kerosene (p = 3.5 atm.
abs,; ' = 3.08 - 10
kg-farce-sec/h ;
¢ = 2,8 « 1073 kg-force/m);
(3) gas oil (p = 6.0 atm. abs.;
= 7.84 « 10”

kg-rorce-sec/ha;

¢ = 3.6 « 10~3 kg-force/m).

turbulent fluctuations.
Pigures 8-22 and 8-23 show
the distribution curves for rela-
Q
tive spray density xy— from ex-
Tov
periments by A. G. Blokh and .
Ye. S. Kichkina, Here gdzkg/h?seg7
13 the local spray density;

2
gavZEg/h sec/ is the average spray

density.

These graphs indicate that
the structure of the sheec varies
depending on the vizvicliyy whe
rate of liquid discharge, and the
nozzle-orifice diameter, For not-
too-viscous 1liquids, the angle
of spray remains constant, for

practical purposes, when the rate

of liquid discharge varies, and

only the chareacter of the spray
density distribution curve changes.

In viscous liguids, the rate of

discharye affects the angle of spray. Moreover, in t:ids case, the

influence of frictinnal forces increases, and a maximum sSpray density

puilds up in the center of the sheet,

Blokh and Kichkina give the following empirical formula for

determining the average drop dtameter in the sheet projected from

the centrifugal spray no:ile;
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%-au‘“( )"(m)" (8-52)

The fractional composition of the sheet can be determined
according to Formula (8-21), wvherein, for the ébove-mentioned spray
nozzles, m = 2 to 2.5,

Formula (8-52) is applicable for practically all low-viscosity

1iquids.
According to these same datz, the angle of spray at Re' >3.5 -103
12
and —= >3 10”2 1s determined oy the formula
op 1-)0 :

tens= m,ya.os-:o"(-:-';)“- (-':—?: = (8-53)

where tan ) 13 obtained from Formula (8-:8) or Fig. 8-19.

3 2
and >3 - 10 , tana proves to depend

% D
also on the Re' number. For this reglon, the following relationship

At Re' < 3.5 -

has been obtained in experiments with 2 spray nozzle of A = 4.4

tanam m.n.a-lo-'(-',%.-)" (-';h)" (8-54)
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CHAPTER NINE

DROP ENTHAINMENT BY A GAS STREAM AND
ROP SEPARATION FROM THE STREAM

9-1. Genersl C-aracter ~f the Process

When interacting wi*h s 1liquid, a g8s stream can partially
entrsin this liquid in the form of drops. The result!:; iusuo-ghase
system is to a8 grester ov leJaeE extent unstable, Thus, in 8 moving
gas stresm containing drops, a pertial separation (and under certain
conditions, also, a practicslly total separation) of drops from the
ntréam on the walls of the channels usually takes place,

Both of these processes, drop entralnment and separation of the
1iquid in drop form, are of great importance for a number of fields
(steam power plants, chemical engineering, food industry, etc.). In
8 number of practical spplications, it 1is necessary to satomige 28
11quid into small dvops; such. processes. were examined in the preceding
chepter, In other cases, 1t 18 often necessary to ri-ivige 1liquid
drop entrainment ty r~as or stesm,

In most engineeri.s equiprent (steam boilers, evaporators,
tuttlers, fractionating colurus), formatinn of liquld drops of vari-
ous siges a:d ‘heir entrainmen® ty a ges stream, 88 well as partial
separation of drops fror 8 <88 stream; will take place 1n'the unie

1tsel”, Special equlipme:l (separators), qltuated outside the maln
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unit, 1s slso used for separating drops from an entreining stresme

Rstionsl planning of 8ll these processes requires a knowledge of
the basic laws governing toth the formation snd entrainmer of liquid
drops by 8 gas stream and the process of drop separation from this
stream,

Drop entrainmenc can proceed under various conditions of the
intersction of 8 ga83 shresm with 8 liquid.: Drops entrained when's
g8s tuttles through 8 liquid layer and drops torn awsy from 8 {ree
11quiZ surlace by 8 788 stream are the twc main cases, Of 1lesser
impcrtance 1in the pfocess of drop forma.ion is the tesring away, or
the tresk-up of drops wren 8 1i1quid Jet. or single drops impinge
acainst s liquid surface or tiue walls of equipment. In Tue tmLter
case, not only the g8s and 1iquid streams but also solid bodies will
interact with these streaus, Such an interaction plays an imporcant
part in the processes of 1liquid-drop separation from 8 stream,

When 8 gas bubbles through 8 11quid lsyer, the burst of the
shells of the bubbles coming to the surface, and the simultaneous
formation of d}oplets, give rise to a considerable decrease in the
total interface area, since the total surface of the bubbles which
have collapsed usually 1s many times Zreater than the surface of the
newly-formed drops. Therefore, drop formation during bubbling crn
te due not only to the kinetlc energy of the gas, but %.5d %o the
surface energy released whe: bubtles burst,

At & moderste rate of tublling (at small reference 5a8s -eloc=
{ties) and with: o cousiderst le thickness of the liguid layer tnrough
which tuttles rise, 8s 18 characteristic of much engireering equiprent,

the kinetic energy of the vapor spproaching the surfsce 1s relatively
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small, and the surface energy of the bubble shells plays & basic role
1n the over-all ~nergy pbalance. In fact, the average velocity of a
gas rising in the dynamic two-phase layer under the usual conditions
of high-pressure steam boil.«rs--lob to 120 atm. abs.--does not exceed
0.7 m/sec, In low-pressure evaporators (p ~2 1 atm. abs.), this

quantity 1s as high as 2 to 3 m/sec.
The kinetlc energy cf a oubble 1s

L (9-1;

The surface energy of a bubble is

l-re. (9-2)

If we assume, a3 a rough estimate, that the mean bubble diameter
is D=3 mm in the first case, and D = 5 mm in the second, we get:'

for high pressure bollers (¢ ~ 1.2 - 10-3 kg-force/ma)
& =210 % feep Eo %5 10~ % gfomefo:

for vaporizers (¢ =2 6 . 1073 kg-l‘orce/ma)

E 21810 \gpaqpu Be =10 [ WINTUS

Thus, under these conditions, the total kinetlc energy of the
1light phase 1is less than the released surface enersy.

This situation could not change substantially 1f the inequality
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of the velocities of individual bubbles were taken into account, since
with the usual depth of the bubbling two-phase layer (of the oprder of
100 to 200 mm), and with a perforated plate, bubble distribution
throughout the whole surface becomes rather uniform.

Only with very gmall thicknesses of the bubrling layer, and with
a comparatively large diameter of orifices in the perforated plate,
can the vapor bubble velocity at the surface approach 1its velocity
in the orifices of the plate, 1.e., become substantial. In thils case,
or with a very ccnsiderable increase in the reference velocity of the
gas, the kinetic ene}gy of the gas strean can preve to be greater
than the released surface energy.

Up to now, there have been no reliable data on thé aentdty and
especially, the fractional composition of drops tear;ng away from
the surface of the pubbling layers. Therefore, it 1s impossible
to calculate the total surface of the bubbles and to estimate the
efficiency of the break-up pracess, Nevertheless, we can affirm
that only a small part of the released energy goes .into forming the
drops. Here the relative roles played by kinetic and surface energles
may not even correspond to the relations given above if the degrees
of their utili:zation will differ. Anyway, with increasing gas refer-
ance velocity the drop generation i3 determined to an eyep-gpreacer
degree by the kinetic energy of the pas stream. At sufTiclently

great values of yg this process approaches, in ics :-acter, the

atomization of a 1liquid by gas Jets,
After thelr formation, the drops move with falrly considerable

initial velocity which can cause them to rise in a practicelly motion-

less gas to a great height, For example, K. A. Blinov observed that .
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cted 'n atmocpheric sir to more than 2 m apb.ve the
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bubbling layer «f wa%ter. Houwever, such a helght is reached cnly by
individual drspe that have the gzreatest velceclty, and 2 nearly
yeprtteal directi~n <f flight 2t the instant -f She!r breax off; and
the bulk ~f the ‘rops 1s ejected %2 2 considerably lesser helght (Fis.
a-1). A%t 1lcw gas densities (a'r at atm-spneric pressure, for ex-

amrle), th- helsht o0 aseent (the "eJecti.n") -f relatively large

—— —
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(9" = %t «g/md), t 10 mmat g = 110 atm, abs, (7" = 60 43w ).

F.r practical rurn.oes, £as may be c-nstdered motionless 2%, .v2ry

(=3

small values f mg +nly, A% consi erable 238 vel-ocitles we must tade

e -0
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resching the top of the column, the drops are entreined in the gas
nutlet pilpes or, in some instances, partizlly sepsrste cn the ceiling
surface,

In those cases where the drops which are carried -along to the
top of’the equipment are partialiy'separated in the gas ocutlet instal-
1atinns, this process shculd be examined separa%ely, together with
the process of drop 3eparatiocn from the stream in special separators,

Separators usually wcrk on the principle of drop precipitatfon
on a wetted surface with a subsequent run-off of the fourming liquid
f11m, Spray* separatcrs are extremely Jiversjfled, both in thelr

design and in fundamental layout.

9-2, Mechanism 1 Or¢ F-rmaticn cn the Surface
cf a Dynamic Two-Pnase Layer -

As has been Indicated above, at mcderate rates of bubbling a

fundamental rcle !n drop fcrmation is played by the burst cf the
bubble shells on tne surface cof the dynamic twc-phase layer. A high-
speed moticn plcuure photograph chows that as a bubbiz rises to the
surface the liquid ralsed by it runs off from the formed shperical
cap, and the liguld film grajually beccmes thinner. Finally, at the
highest pcoint of the shperical cap, an cpening is forr2d; the f{crces
of surface tensicn become unbalanced and the cpening aloens fazter
(Fig. «-3).

when the interface is clean, the fllm !s usually drawn intc the

bulk cof the 1iguli, and the cavity .n the surface is filled witn

.The term "spray" nere and further on refers t¢ the drop-wilse
entrainment of any liquild by a Sas stream. Noo only a gas. cor vaporn,
but als. s.me other liquid that !s relatlvely lighter than the 1lijuld
entrained, may act 13 the entralning medlum,
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1iguid rushing tcward 1ts center, As 2 result, an annular wave Iis
fcrmed, which, on closing, causes a cclumn of liquld to splash upward;
one or more drups miy ureak cff once mcre from this cclumn (Filg. 9-4).
In other cases, the colizpse of tpe shell 1s acccmpanied by tne appear-
ance on ite surface ~f a gerles of ruptures, with film fragments
separating from the liquid mass and ccagulating intc separate dreps.
The last form of c-llapse !5 especlally charrcteristic of an impure
{nterface ahen the bubble snell, pricr to 1ts rupture, succeeds 16
attalnin.s a small thlcsness alcnz the entlire surface of its spherlical
cap, and not Just at its peag., At the same time, ~ considerable

number of minute "transporta!le" drops are formed which are easily
entraine ! even at 1 w upward velceitles <f vaper.,

The patiern deser'ibed above was cbserved In the ccllapse cf
single bubitles., In the case of a nlgh rate of bubblinz, int=racticn
devel. ps between adltceent c.ll2psing babbles, Tnis Interacticn can
leni t. ¢ nulderably nigher rates cf'dr;p fcrmaticn, dué poth to the
interference :f *he gSensrated waves and t¢ an easler break-up <f the
simultane cusly bu;stlng'Fllms cf adJacont butbles,

As the rate (f bubbling Inereaces, the kinatle energy cof the zas

tgure -3, Dlagram showing Floure 9-4, Separation :f a
collapse of a free butible, series of droplets from the
. periphery of an annilar wave,

F=T3-u815% V T3
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formation process begins to approach the process whereby a liguid

begins to play an ever-greater part, and at very high w

breaks up in a rapid stiream of gas. In this case, formation of large
drops entrained by the gas stream‘out of the two-phase layer increases
radically. Finally, the increase in the rate of bubbling leads to a

complete washing out of the two-phase layer and to the entrainment of

the entire heavy phase.

9-3, Motior of Drops
e surtiace

Liquid drops torn awiy from the surface of the bubbling layer
can be of widely different sizes--from fairly large, 1 to 2 mm in
diameter to extremely small, of the order of szveral microns. The
initial velocity of the drops, especially that of small drops, also
varies, within considerable 1limits, sometimes reaching magnitudes ex-
Eeeding by many times the velocity of their free fall, i.e., their
"settling" velocity. '

At the initial stage of their trajectory, the drops may rise with
a velocity considerably exceeding the upward velocity of the gas. In
such a case, the drop motlon is noticeably slowed down by the drag of
the medium. This slowing down 1s especially pronounced Jor small drops,
and at hizh gas density.

As the upward velocity decreases, the drag of the medium decreases
rapidly, and at !&o 5; !3 it becomes negative; i.e., the gas stream
begins to entrain the drop upwards.

If the gas veloclity g" exceeds the settling velocity of the drop,

0
the drop will be carriled upwards by the gas to an unlimited height
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{completely transportable drops). If Eset> LAY the drop, having
lost 1ts initial erergy, begins to fall with a veloclty equal to Yaet”
- !3. The maximum height to which such drops rise depends on the ver-
tical component of the initial ve}oclty of the drops Efinitial’ on the
settling veloclty E}Bet,_and on the upward velocity of the vapor !3.
when Esetj> gs (large drops at low upward velocity of the gas),
the height of ascent of the drop depends only slightly on gg (region
of nearly complete ejection). On the other hand, when the quantiéies
Weet and gs come closer, the height of ascent will be determined al-.
most entirely by the value of !6 (reglor. ol transportation).

The probability of a collision and agglome:r=tion of drops is low
because of their extremely small concentration by volume in the gésA
stream. The probability that the drops %111 break up in the stream
13 also slight since .tne Jrops are small and the velocities of the gas
low. Consequently, for all practical purposes, the influcnce of both
these factors may be neglected (with the exbeption, perhaps, of the
cage--rarely encountered in engineering equipment--where the moisture
content of the st;eam 1s high, or the case where such spparstuses
operate at nearly eritical pressures).

In a saturated vapor-lijuid system, the evaporation of small drops
within the vapor stream may play a certain role in connect!sn wiih the
increased curvature of their surface. This evaporation leads to the
supercooling of the vapor which, in its turn, slows the process of
evaporation. On the cther hand, the superccoled vapor begins to
condense on the largest drops in the gas stream, or on the liquid films
covéring the walls of the ejuipment. Thus, the polydisperse system
of drops in a vapor stream 1s thermodynamically unstable, and, provided

1t remains undisturbhed for 4 suffictent lengsth of time, all the drops
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must collect on the surface of least curvature--the walls of the
bubbler.

In large-8ized equipment, condensation on the walls can be sub-
stantial only for the zone near the walls. In the rest of the
gtream, condensation will take place on the large drops; these drops
will increase up to a size where (Waoty ~ 33), and then begins to
fall. As a result, provided the gas remains in the 1iquid for a.
sufficient length of time, even in an unliﬁited cross scetion of
the apparatus, the gas stream should become completely free of drops.
In practice, this process occurs slowly, and at the usual length of
time the gas stays in the column (0.3 to 1 sec av 1 atm, abs, and up
to 30 sec at 180 atm. abs,.), 1ts role iz evidently nob pesi-. ‘This
was verified by experiments by A. A. Andreyevskly and Ya. G. Vinokur,
who broucht the time of stay as high as 25 to 30 sec ot 1 atm, abs.
(1.e., 30 to 60 times the usual length of ‘time). At the same time,
it was not only impossible to obtain nearly compiete cbndensatidn,

- put the usual character of the laws governing the process of drop

entrainment did not vary at all.

Dro Entrainment

9-4, Some EX erimental Data on
Py a Bas Stpeam [rom a pubble LOlumni

A rather large amount of experimental data on drop entrainment
by a gas stream 1s available. However, only the data obtalned in
pecent years dy use of the newest methods of measurement (by means

of radloactive isotopes, in the first place) are reliable in the

most interesting range o>F small coefficients of entrzinment: 10'“ to

10'6.

e coefficlent of entrainment 1s expressed 838 followss
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50, |
o= o (9-3)
where zgi 1s the totsl weight of drops end G" 1is the weight of gss.

Por ® vepnr-1iq:id =/ stem

o= |-z,

where x 1s the fraction of liquid in the vapor. ;

Such low entraiqment coefficients are of great importance,
particularly in modern steam power installations where it 1is nec- ) |
cessary to obtaln steam containing no more than 1-10'7 of non-vola-
tile impurities from water containing a consideruble fraction of
salts.

Requirements are st1ll higher in nuclear electric power plants,
where, in evaporuting r.dioactive wastes, 1t 1s necessary to ensure
that the fraction of salts Iin the vapor 15 not more than 10'8 of
the fraction of salts in the boiling water, znd in homogeneous
boiler reactors--even less, 1In ordef to obtain these degrees of
vapor purification one must resort to scrubbing the vapor with con-
densate, However, values of of the order of 10'6 ahd even 1077
can also be obtained by purely hydrodynamic means, The data on gas-
1iquid systems are fewer, and 23 a rule the data are reliable only
in a region of relatively high entralnment coefficients . (:? <he
order of 1072 to 10'3).

At present the most jetailed investigaiion has been made of a
one-dimensional flow dlagrum of 2 vertical columns of constant cross
‘gection above i lilquid layer through which vapor 1is tubbled, In
this case, the procesé 13 deseribed both by quantities determining
the hydrodynamics of ihe two-phase layer and by quantities deternin-

ing the performance of +he vapor space of the column, Of the lzter
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quantities only the geometrical ones~-~the height Ecul of the vapor
space of the co}wnn, and its diameter D, q--are not among the quan-
tities characterizing the performance of the two-phase layer. More-
over, the quantity a" 1s important for the processes taking place
in the vapor space.
When the ratic of the column diameter Qcol to its height ‘-{col
is great enough, the influence of the side walls can be neglected,
and accordingly I_)c o1 can be eliminated i‘ror'n +he number of the impor-
tant auantities.
The height of the vapor space 1in tre colwrn can be considered
as a design quantity (for example, from the periorated-plate level
to the column top). Nevertheless, it is more rational to meckon the
height of the vapor-gas space from the actual surface of the dynamic
two-phase layer -- l.e., to allow for a decrease in the height of the
vapor space due to aswelling.
The assumption of the actual height of ‘he vapor space H—c"ol as
a fundamental quantit; makes 1t eas’er to bring out the influence of
thea change in the parameters of the bubbling layer as a generator of
| drop spray, and of the vapor space as the separa.or 61‘ this spray.
Complete separation of the functions of these two parts of the
. bubbler would require measuring the quantity of liquid tosu away
from the surfacec, an extremely difficult measwrenent in accomplish.
Nevertheless, some idea of the part played by the separa.or space
can be visualized by reler:nce to data from experiments b‘y Bartolomey,
conducted witn various heights of the vapor space.
Prom the data shown in Fig. 9-5, it is apparent that an increase -
in Hy,y from 280 to 700 mm decreased the entrainment ccefficient

from 0,16 to 0.0007%; 1.e., to less than 1/200 of 1ts initial value,
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In other words, the top of a column 700 rm high was reached by
jess than 0.5% of all the droos rising from the true level to a height
of 280 mm; 1.e., conziderably less than 0.5% of the amount of liquid
torn away from the two-phase layer surface,

Thus, under normal conditions the bulk of the liquid torn away
from the bubbled layer surface falls back on this layer, and only
a very small part of the drop: reasch thel top of the vapor space. .

In a series of experimental columns, the spray was partlally se-
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parated in the vapor-collecting equipment and return~ad to the cc uan.
In such 2ases, the column i3 tested, strictly speaking, together with
the auxiliory separator, whose features affect the over-all result of
the investigation. Thereflore, it is more accuraie to conduct experi-
ments with a vapor-collecting equipment design in which &1l the spray
reaching the top of “he column would be drawn off with vapor.

Investigation of the fractional composition of the drops rising
tu one height or anotner, deperding on the velocity of the light-
phase s‘ream, are of particular value for e-.aluating roles played
by individual factors in the over-all drop entrainment.

Basically, such investigations have been conducted only for an
air-water system at a pressure close to 1 atm. abs; Ag <2 drta from
these investigetions indicale, at small !8, as a rule, large drops
are ejected to a comparatively low height, and only with a consid-
erable increase in the velocity of the light phase dces the height
to whi.h large drops are ejJected increase, Thus, according to
K. A. Blinov's data, the maximum height of ejection amounts to only
300 mm at Wy = 0.24 m/sec, attains 500 mm at wo = 0.4 m/sec, and
reaches 700 mm at wp = 0.55 m/sec.

Therefore, even with an extremely small height of the vapor
space (200 mm), but at low gas velocities (wy = 0.1 m/sec.), iv 18
mostly the smallest drops transportable by the stream +Wich are en-
trained; as gas velocity increéses; so.does the role of ejection,
and even at !b = 0.3 m/sec a considerable fraction of the entrain-
ment consists of drops whose settling velocity 1is greater than the
upward velocity o' the stream.

The fraétion of transported drops in the total weight of all the

entrained spray 1s shown in Fig. 9-5 from date by G. M. Yusova.

-
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Despite the scarcity of ex-

- . = o o R o e perimental mauterial, it may be
B seen that at Hj . = 200 mm half
= " of the drops are entrained by
o + INENE I o their ejection, starting froa
e ) = 0.60 m/sec. At the same
Pigure 9-6. Fracilon of time, at Hy . = 400 mm, the de-

"
transported drops (Wg., £ ¥p)
in the total entrzined mass.
Alr-weter system; t =% 209; drops (95 to 98%) is also main-

PAL1 atm, abs,; (1) H" )
= 400 mm; (2) H' , 2oo mm. taired at wj = 0.6 m/scc , parti-

culamly if it 1s taken into account

that the maximum upward velocity
of the gas sumewhat exceedas the mean velocity (the points falling
outside the line at ﬂgol = 400 mm are the result of the presence
of only single larpe drops in acme tests and, thus of considerable
deviation in computing their fraction in the over-all entrainment).
Thus, at small velocities and nnderate heights, the :qtal entrain-
ment is basically determined by the presence of minute spray parti-
cles capable of being tansported by the gas stream,

With an increase in !3' the number of large drops and the
height of their ejection both rapidly increase; accordingly, in this
region one should expect a rapid increase in entralnment with an in-
c¢rease in the loud, and a sharp decrease 'n the entralnmen: with an
1increase in H ol However, even at high gas velocities, the influ-
ence of the height of the column is probably significznt only up to

eJect

certain values of H"ol > , entrainment need not depend on

"
—col’
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It should be noted trat cnly single drops are elected to the
maximum height. Therefore, the role played by the transported drops
now becomes dominant at heights considerably less than g;g;Ct.

According to K. A. Blinov'!s- data the transport of water drops
by air at atmospherliec pressure accounts for the overwhelming part of
the entrainment at {3 , = 500 to BOO mm, even at !8 = 1 m/sec , when
the maximum height of drop ejeztion exceeds 1000 mm,

Experimental data on the over-all coeff*cients of drop entrain-
ment are mnst ~cmplete for the steam-water system. For this system,
the relationship batween the entrainment coefficienc and the load
on the vaporization surface R ﬁn3/m2 ./, or steam velocity ¥,
/h/sec,], has been studled fe; «n extremely wide range af entrain-
ment coefficients--from ~ 9-10'6 to ~ 1-107,

" Regardless of the existence of some discrepancies in the data
of individual research workers, one can affirm +hat in the region of
small w" the entrainment coefficlent increascs very slowly with load,
especially at great heights of the vapor space.

Thus, according to M. A. Styrikovich, G. Ye Kholodovskiy, and
Ya. G. Vinokur (Pig. 9 9-7), at atmospheric pressure and with a change
in wy from 0.02 to 0.1 m/sec and Ky, > 500 mm, « A _80 -6

With a furtner increase in w", the entrainment cueliavieny In-
creases in proportion to !5, reaehing approximately 0.005% at !5 =
= 1 m/sec.

These data are also confirned by recent studies at TsKTI [@en-
tral Scientiric Research Institute cor Bollers and Turbines’7 (Yu. V.
Zenkevich and A. A. Andreyevskiy), the experimeneal points of which
are plotted in the same figure (Fig. 9-7).

Hith a further increase in _3, the experimental coefficient
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Pigure 9-7. Entrainmen. coefflclent vs, reference vapor velo-
city (tracer Na HP320,) at atmospheric pressure. (1) Helght
of vapor space ﬁeferrgd to pravimetric level H = 420 mm; 2)
H = 550 to 1050 mn; (3) B > 350 mn (Experiments at TSKTI).

begins to increase considerably faster, upproxima;ely propdrtionally
n3

to wy”. ' .
At lesser heights of the vapor space (5201 = 300 to 400 mm), the

entrainment coefficient depends more strongly on !5:

for values of @ = 0.0004 o 0.004%, w ~ (!5)1.2;
for the range w = 0,004 to 0.043, w ~ (!3)1'9°

With a further increase in vapor velocity the ev,nent 1in-
creases as much 28 3 to 4-fold, while 2t entrainmen:t coefriclents
@ = 0,20, 1t Increases G to &-fold and above.

Anuloyous relationships are also obtained at higher vapor preés-
sures. The relutionship e = 2136) 13 shown in Fig. 9-& for pres-

sures of 17, 91, and 110 atm. abs,., according o0 1. S. Sterman's

. " BT YA N 3
data at H,jp = 500 Lo 000 mm.
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The relationship v ~/ ¥, applies at constant valies of Hio1
jn the » Trange between 0.003 to 0.00% and 0,04 to 0.14. At large
@ (from 0.0 to 0.1% to 33 high as 0.5 to 0.7%) the entrainment
coefficient increases proportionally to the 6.5 to Tth power of the

velocity of the staam.

g

L
s
] — l"’ %
1
" &

¥

v L&
| |
I
.
&

Pigure 9-&, Comparison of data obtained at 17, 36, and 91 atm.
abs,, and Ngp.ce = 430 to 480 mm. 1 and 1' : p = 17 atm. abs.;

o and 2! ¢ p = 30 atm, abs.; 3 «nd 3' : p = 91 atm, abs, Dot-
ted line: swelling disreparded; 301id 1Tne: swelling taken
into account.

Analogous datn for a pressure of 185 atm, abs. at Ecol = 800 mm,
reveal & reglon of very alight dependence of the entrainment coeffi-
cient on the load (¥ ~ Egl’z)--:he same dependence as zt 1 atm. abs,

A1l data. indicated above were obtained at a considerctle thick-
ness of the bubbling luyer (Elay = 150 to 250 mm). mherefore, Jor ‘
Vthe 1dgntical tpue vapor=-space height §2o1' the geometric charazcter-
istics of the perforated piate (Eb vl) have no noticeable effect On
the quantity of spray entrained by vuipor (gas).

; izself 1s,

The influence of the bubbling-layer thickness Elﬁ)
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~ of course, also negligible st a constant true height of the vapor
space.

On the other hand, at small values of hlay = § to 50 mm, which
are characteristic of tubble columns in the chemical industcy, the
influence of the change 1n Elay ;nd 5f the design parameters of the
perforatea piate (s D) on the entrainment is rather considerzhble.

The effect of the true height of the vapor 3pace (g;ol) (other
conditions being comparable) has not been thoroughly studied. )

According to M. A. styrikovich and Bartolomey (Pigs. 9-5 and
9-9) at 1 atm, ubs., a3 Egol increases at 53 = const, a rapid de-
erease in the entrainment coefficient i3 noticeable, which, in the
range 5201 = 250 to 500 mm, can be expr-raed approximately.by the
relationship o 'xl(gzol)'G. At H > 550 mm the influence . vae
height weaken3s markedly, and 1t3 increase over T00 mm‘will slightly
affect the entr.inment ccefficient, This relationship, revealed at

" . 0,65 m/sec, 13 preserved qualitatively also at other values of

According ég V. A. Kolokoittsev's experiments (B = 1,3 atm.
abs.), a much weaker relationshlp between and gzol 1s rcvealed
(o ~ gg;i), put this al-o becomes Very weak at H > 500 mm. A
qpalitatlvely analogous relationshlp was obtained by K. A. Blinov
at a pressure of 9 -tm, abs, in & column large in diameter (500 mm)
at small steam velocities. According to T. Kh. Marguliovva, this
rélationahip has an inalogous charzeter clso at high pressures (100 -
‘to 185 atm. abs.). Accofd’ﬂg <o L. S. Sterman, at pressures of 17
to 110 atm. abs., within +he height range rom 450 zo 800 mm, the

relationship beiween entrainment &nd height takes the form
-33
oel™.
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Figure 9-9. Salt entrainment coefficient vs. true height of
vapor space for virlous volumetric fractions of steam and at

a constant load, R, = 300 m3/m‘ hr; h = 120 mn; (1) 360 mm;

: ] ray
2} 460 mm; (:) 518 mm; (%) 500 mn; (5} 60 mm; (6) 660 mm:
7) 760 mm, Values of L at the points are indicatea 1n per-

centuges.

Mic relationship :pplies in that, range of changes in the entrain-

ment coef't'lclent where the lutter incopecses approximately at the

cube of vapor veloclty.

It can be stited that on the whole, in the area of high entrain-

ment coerriclents, the iniluence ol height 1s apparently somewhat

|}
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stronger than at small « when the entrainmen* occurs basically by
means of transport.

The increased effect of helght 1s also noticeable at amall dia-
meters of the column, probably 1in connection with moisture separation
on the walls.

Of great practical interest is the dependence of the entrainment
coefficient on the pnysical parameters of the 1liquid and of the gas,
1.e., on pressure (bolling point) in the case of a water-steam
system. In practice, the most significant relationship is that be-
tween pressure and the equivalent velocity o” the vapor; i.e., that
velocity at which the entrainment coefiicient remains constant at all

pressures

* [ ‘-’ ")'

This relationship c1in be single-valued only in that region of
change in the vagiables where the relationship between the entrain-
ment coefficlents and the vipor velocity bears an identical character
for all pressures,

Thus for the region of medium entrainment coefficients (w =

= 0.2 to0 0.1%), for which w ~¥j; the relationship between 0 o and

’
the pressure can be represented by Curve 2 in Fig. 9-10, a2ssuming
!eq at 1 atm. abs. to be unity,

At smaller entriinment coefficlents--1.e., in the region described

. o8 L A v L1
by the empirical equation UAJEO the relationship between Eo,eq and

pressurc will be expressed less strongly (Curve b). 1In the region of

high entrainment coefficlents where ufuﬂs '(6 to 8), the relacionship
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betweer Wy oq and pressure is still weaker {Curve g).

g i )

Firure 9-19. Coefficient g(p) calculated by loads, grell-

ing taken into account. Solid 1line: éspace = L6C to 480 mm;
H = Iy B

dashed line: bspace 842 to 8C5 mm.,

As 1s apparent from what has been sald above, the ha=tr relation-
shipé established are esscrntially qualltative even for the most
highly studled wateg-steam system, Quantitative discrepancies be~
tween individual investigations are quite considerable in a number
of cases. This 18 explained both by the complexity of the pheno-
menon and the dependence of the entrainment coefficlent on many
parameters, as well as by the fact that only recently have methods
of measurement been developed which are sufriciently sensitive for
determining very low values ol +his coefficient.

An important role 1s played also by the fact that ieliable
measurement of the actual height of the vapor space (ve'ring invo
account -he swelling of the layer) became possible, especlally at
‘high pressures, only in recent years,

Very substantial diserepancies can also oceur due to changes 1n
the strength churacteristies of the bubble shells, assoclated with

the presence in the water of impurities of one kind or another, This
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fsctor especially affecgs the reziona of small entrainment coef-

ficlents when the great bulk of the entralnment consists of minute
transported drops~--products of the collapse of bubble shells. Un=-
fortunstely, 8% this time, there exists no reliashle criterion for

evaluating the influence of surface-active impurities, which, even

" when present in very small concentrations in the liquid, cau eaert a

very great influence on the structure of the bubtle shells,

In engineering equipment bullt from common grades of steel, the
presence of finely 1ispersed slime in the water of one of the layers
als. exerts a considersble influence,

The influence of these impurities on the character of the ’
"swelling" of the dynamic two-phase lajer has slready been mentioned
in Chapter ©,

The influence of the salt content on the entrainment of spray by
vapor is no* great in the reglon of moderate salt content, but 1t in-
creases strongly in a certain ranze of concentration changes in éhe
same ranze where the conditions of operation of the bubbling layer of
water vary eharpl}.

The effect of this factor is well 1llustrated in Fig, 9-9, which
shows the depende:ce of the entrainment coeflficlent on the Qapor-
space height and on the mean vapor traétion ¥ 1in the two-phase layer
st 8 constant vapor velocity. The change in the averaze fraction of
vapor whici., for a given colum: desicn, vapor velocity, and pressure ,
depends cnly o the properties o! <he water, characterizes most
objectively the state of the layer,

In Fig. -0 the values ¢ = 0,4 correspond to that reglon of

small fractions (§bw.‘< 1000 mg/kg) where a change in the concentration

"Poiling weter.
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of the solution noticeably affects neither the layer swellinz nor
the entralnment of sTay. On the other hand, the greatest wvalues of
v , vhich at a glven vapor velocity (wo - 0.54 m/sec) are equal to
v = 0.67, correspond to that reglon of high fractions cf sale
(§bw > 10,000 mz/kg) where m'rthexf increase in the concentration
of the solutlon, for 2ll practical purposes, affects neither the
layer gwelling nor the entrainment of spray with vapor.
As 1s apparent in Fig. 9-5, the er.trainment coefficient at maxi-
um fractions of salt (> 10,000) 1s many times greater tnan the .
values of o at small concentrations (< 1.000). The difference is
especlally great in the reglon of large vapor-space heights (l;ltme =
= 500 to TOO rm) where the bulk of the encrainment is due to the
precence of minute drops transported by vapor.
In the region of small heibhts -- vhere the bulk of the entrain-

ment consists of larger drops which cannot be entrained by the

~upward yelocity of the vapor, et reach the top of the column due to

their initial velo=ity ("ejection") —— the role of the salt content
is considercbly ‘weaker.

Actually tne region Htrue = 500 to TOO mm, the entrainment
ratio at ¢ = 0.4 and at % = 0.67 reaches 20 to 25 and even higher,
while for the height }-‘true = 300 mm 1t only amounts to about ‘. Even
the latter figure is sufficiently great, however, and consequently
the entrainment due to drop ejection 3136 increases quive consider-

ably with increased "pouming" of the water, although not quite so

much as the entrainment aggoclated with the transport of minute drops.

It should be noted that in erperinents with a variable fraction
of salts in water 1t 1s very dlrficult tc obtain a reliable reﬁroduci-
bility' of the results. The snallest changes in concentration of in-
purities, especially organic ones, sharply distort the dependence of
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entrainment and swelling on the fraction of sult, particularly in the
range of small values ef the 1atter. The dependence on ¢ is consider-
ébly more stable; apparently this quantity well characterizes precise-~
ly those properties of the solution vhich are important for the drop
entrainment process. .

Unfortunately, very few investigations of entrainment have been
made up to the present time with a reliable determination of v.
Under conditions of : "foaming" liquid, this requires that radioécopy
be carried out over the whele cross sectlon of the layer -- since,
with ® changing continucusly over the «rass section in these cases,

other methods of measuring ® do not glve reliable results.

9-5. Stripping of the Li:iid Film

Separation of 11quid drops from the gas stream cin be due to
turbulent fluctu-:tlons and to centrifugal forces.

The so-called linear separator is the most simplified separator,
being bused entirely on the trunsfer of drops by turbulent fluctuations
and their precipitation on the wetted wall. In 1its simplest form,
this separator 1s 2 long straight tube in vwhich the gas flov entrain-
ing 1iquid drops 1is movin:. AsS 4 result of turbulent fluctuations
in the gus strcam; single drops travel in a radial dire-<ion. Aftef
reaching the wall of the tube wetted by the given 11juia, the drops
settle on 1t und form & continuous ligquid film. Rurther sepzratlon
takes place on the surfice of the moving 1iquid film.

Liquid rilms form on the effective surfuces (baffles, cyclone
walls, ete.) of other types of separators as well.,

The process of separation continues until the gas strecn begins

)
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to tear the liquid away from the film surface; 1.e., until the pro-
cess of secondary wetting of the gas stream srises,

Examining conditicns under which drops are torn away by the
gas stream from a free 11lquld surface, 4t 1s easy to prove that the
character of the interacting forces under these conditions does not
differ from the process of structural change in the two-phase boeundary
layer.

In thls connectlion, vu. V. Labinskly noticed that s. S.
Kutateladze's formula (7-13) 1s alen applicable in the glven case if
we replace the vaporization veloeclity Y by the velocity g“, analcgous
to (h-28)..

As.concerns 1inear tubular separavors on the basis of ﬁ. K.
Ramzin's experiments, 1t can be assumed that the eritical gas veloclity

(at whica secondary wetting begins) 15 determined by the form:la
; Y
. z‘),ll/ __'L__i/.l_, (9-4)
= -1y

COnvers;on of critical loads of a given type of separator %9

various pressures may be carrled out by means of the formula

a TSN L N amrard

.a.g,n a alhin-n) _ - 13-5)
T PSR -— (A

e ann (1:— 1) '/ ™

. : |-
See also Criterion (5=7).
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Yu. V. Labinskly has shown on the basis of e perimen

il data,

the applicabllity of Formula (9-.) to the deslgn of a number of

peparation devices.
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CHAPTER TEN

SOME PROBLEMS IN EXPERIMENTAL TECHNIQUE

10-1. Measurement of Liquid-Drop Entrsinment

Measurement of 11quid-drop entrainment by a gas (vapor) can be
conducted by varlous methods. However; for this u test sample from
the streum with a subsequent determination of the fraction of ligquid
1n‘the sample 1s almost always required. Therefore, it 18 neces-
sary to e.aminc separately both the problem of obtalning 3 repre-
gentative s#mple und that of determining the raspective fractions of
1iquid and gas in. the samnle.

In obtaining 2 representative sample accurately characterizing
the mean ratio of gas and 1liquid in the stream, very great dirficul-
ties are encountered 1in uny two-phase system. In selecting a sample
directly from the column. 1t is necessary, as is well lmoun.
to f1x the uxls of the sampling tube in the direction of flow and to
maintaln at the tube entrance u velocity ejual to the flow velozity.
Moreover. tn locating the sampling tube in an ascending flow there
1s always the danger th:at the drops collecting on the inside surface
'of the sampling tube will drip back Into the stream. With a low up-
ward velocity, this 1s very difficult to aveld.

{t 1s still mo»e difricult to set up an accurate sampling from
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outlet tubes, since, when a 233 (vapor) containing drcps of 1iquid
moves 1ﬁ tubes, these drops collect rapidly on the lnside surface
of the tubes, &nd the tect cample from the core of the stream uili
provide a fracticn of liquid thap is too lcw,

Tne most accurate results are obtained in test sampling by
means of a small tube plazed at the opening of the sampling tube
(Pig. 1¢0-1;, where drops havé not yet been able to collect on the
walls. Results are le:ss accuraie 1f‘specia1 devices are placed in

the tube which s4rip the £1lm away from the walls and the test

&

T L e AR d i bl dibddded

W 3
B
Figure 10-1., Dlazram of a Figure 10-2., Diagram cf va-
spray-sampling device: (a) por cutlet cf test column in
teat sampling at entrance W8 experiments by Andreyevskly
vapor outlet tube; (b) device and Zenxevich: (1) condensers;
with a TsKTI mixer, (2) steam Jackel; (3) heat

insulation,

sample 15 taken Jirectly venind these Jevices. In phis ¢zs¢ cne has
te take tnto acc.unt the 2rreres asscciated altn the proncunced non-
hcemezeneous distrtbution o the drops throughoat the cross seoticn
of the flow, and the fact that the veloclity of these di.cs alrffers

greatly from the velrelty of the vapor siream,
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Similar errors also arise
when all the vapor containing

Cotficiont of sait entrain: drops escapes along the outlet
ment fromboiler W:ml 10* '
2

up-tube with low velocitles,

Pigure 10-2 shows two al-

= ternatives for vapor withdrawal

from the column, which were used

in experiments by Andreyevskiy

and Zenkevich, while Fig. 10-3

Pigure 10-3. COmparison of shows the resuits obtained in

data obtained In devices

shown in Figure 10-2. these experiments.

' A3 is apparent T 24

10-3 (Curve a), when one uscs a very lonjz up-tube of considerarle
diameter (d,, = 18 mm), the entrainment coafficient 1s many times
jower than for a short uptake section of 3mall diame‘ter (gm = 8 mm,
Curve l_:), since the great bulk of the spray carried out of the
column separates on the tube walls and dritbles hack into the column.
Only when the velocity in the outlet tube reaches approximately |
11 m/sec ("_’8 {n column = 0.22 m/sec) does the entrainment begin to
increase considerably due o re-entrainment by the gas stream of
part of the spray separated on the wall of the vapor tuoe.

- It 18 possible to avold errors associated with tes. sampling
of the two-phase flow ir, prior to sampling, the entire stream i3
eonverted into a single-phase state, During studies >f the liquid
-entrainment by vapor, condensing (av atmospheric pressure) at temp-
eratures higher than room temperature, +his state is easily attained
because the entire stream 18 cooled. o & temperature below the normal
boiling point, It 13 also possible to convert the two-phase system

1)
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into a single-phase one'by evaporation of the liquid phase and by
sampling from the vapor-gas mixture, The disadvantage of both
methods is the necessity to remove or add a considerable quantity of
heat; this, in high-capacity apparatuses, requires the ins‘allation
of large heat exchangers. Preveniion of drop separation on the walls
of the devices for test sampling or gas withdrawal from the apparatus
is essential, When we work with vapors which cohdense above room
temperatures, the drops are awept away by the strean of condensate,
and it 1s only necessary to prevent them from dribbling dack into the
apparatus. For this, the stream withdrawn {rom the apparatus should
be aimed down so that the drops can be «ntrained by the stream; Fig.
10-4 serves as an example of such & device, showing a column used in
experiments by M. A. Styrikovich, Ya. G. vinokur, snd G. U.

Bartolomey.

Plgure 10-4, DiasTum af experimenial column Wiih vepaP
heading downward; il} separator aolumn; (2) water gauge;
gondensnte coaler: (4) suxiliary Zee tank with
electrical heatingg (5] water storuge tank; [0) water

sampler,
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It may be seen from Fig. 10-4 that the flow, after heving
reached the top, heads downward along the slde channels, and the
‘drops separated on the aurfuce of the top also dribble into the
side channels.

Preventing the drops from collecting along the path is con-
siderably more difficult when the gas used will not condense under
ordinary conditions. In this case, great numbers of drops collecg-
ing on the walls of the conduit an accumulate, and only in the
case of a very long experiment will a state uf equilibrium be
attained. _ '

The errors assoclated with drops rollec%ting on the condult walls
are particularly great whenever the quantity of liquid entrained by
the gas 1s measured by the friction in the stream of some substance
dissolved in the 11juid. In these cases, partial evaporation of
the liquid drops settled on the conduit walls und the collecting
along the -onduit of .orv great quantitles of the substance acting
as a tracer of the entrilnment may occur.

Considerable time can be saved 1n the e: periment by thoroughly
"flushing down" the downtaxe conduit.

Actual measurement of the fraction of 1iquid in drop form irn
the gus flow leaving the apparatus can be conducted by varisus
methods. When the fraction of liquid 1is considerable, this amount
can'be determined by measuring the heat content of the mixture, In
e&periments with liquid-vupor systems of the same 1i;uld we may con- '
dense the vapor, measure the discharge of the -ondensate, its temper=
ature. and the amount of heat liberated per hour =-und hence to de-
termine the heat content and thereby also the liguid fraction in the
mi.ture. This méthod 1s useful only for very high 11juid fractiéns.
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when the heat content of the miz*ure 1is subgtantially belc the
heat content of the dry vapor.

¥With low fractions of 1liquid the method of preheating a wet
vapor prior to its superheafing 18 more accurate, since in this case
1? i1s sufficient tc¢ superheat the'vapov by a few degrees; thus, a
larger {raction of the total heat supply will be expended for vapor-
1zing the spray. In a well-organized calorimetric measurement of the
flow, when the error in the heut balance over the calorimeter 1is ie-
duced to approximitely <% of the supplied heat, 1t 1s possible by
this means to measure u ligquid fraction of the order of 0.2% with
relative frecision (104 error) in a water-steam system, for example,
at 1 atm. abs. However, this requires thit the measurements he care-
fully conducted (superheat must be maintained on 2 level not exceed-
ing u°c, temper:iture must be measured with a precision of up to
hundredths of a depree. flow rate up to fractions of 1 per cent, etc.)
and may be uachleved only If the vupor flow rate through the calori-
meter is so considerable th:t its heat losses are relatively small.

Formerly, 1 hethod of thrghtling the vapor sample dovwn to a
pressure of 1 atm. abs. was often used, sultable for steam at initial
pressures up to 100 atm. abs. (at w & %) and even up to 120 atm. abs.
(at @ €£1€). With greater 1iquid fra~tions and pressures, znd when
throttling down to 1 atm. abs, is used, the vapor does not become
superheated. The methéd of throttling 1s very simple, but heat losses
to the surroundings--und the difficulties in preventing them by com-
pensatory heuting, due to shurp temperiture variations zlong the path
of the vapor--muke this method unsultuble in practice for any precise

measurement of less thun 0.2 to 0.3% )iquid water in steam.

)
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When working with 11quid--permsnent-gas systems (the 1iquid
of which 1s, for practical purposes, non volatile in the gas) ve
can directly measure the amount of entrained liquid after its sepa;
ration from the flow. At high entrainment coefficients, this sepa-
ration can be conducted mechanically, put with small liquid frac-
ticns in the stream the errors sssoriated with incomplete collection
of the drops 1n separators pecone too great. A good separation
ean be achieved by scrubbing the [as with a layer of 2 1iquid which
1s . solvent for the entrained 1iquid, or by passing the flow through
a packing which will actively nbsorb the entrained 11qu:d. However,
these methods are very cumbersome.

Indirec?t metliods huve recelved widest application a%t small en-
trainment coefficlents (hundredths and thousundths of on2 per cent).
Such methodo -sonsist 1in disaolving tru.ers of v:rious tses in the
11quid and subse juently determining thelr soncentrztions 1n the
samples of gns-liluid mizture.In such 2 case, the entrainment co-
efficient 1s detepmined +s the ratio of the tracer concentration in
the gas-liquid mixture to the tracer .oncentration in the lljuid.
Salts thut ure soluble 1in the 11quid and are easily determined
chemically--for e:ample, NaCl for water--were former.y used 218
tracers.

The method nov most frequently used involves introduction of
radioisotopc-»ontaining sults into 1iquids, und measurement. of the
entrainment oeltislent us & ratio of the speciflc sotivities of the '
éas-liquid s mple znd of the liquid sample. This method, proposed
in 199 by M. A. Styrikovich, permitS'the measurenent of very & all
entrainment coef'fi lents while zvoiding luarge szlt concentrations in
the 1l1i,4uid, which would -hange physico-:hemical prOperties of the'

)
. -
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salts.
Applicatlon of these meshods repeatedly raised definlte b=

jections in ¢onpecticn with the possibility of unequal concentrations

of the salt solusion in the ‘yulk of the 11quid and in the entralned

drops--especially in the alnzse drops obtained as A result of the

éollapse of bubble ghells.

Thiez can definitely ta;e place {n organlic substances with pro-
nounced surface activity. I'cueser, 35 far a3 salts are concerned -
(1.2.) rfalrly active substances), consideraole nonuniformity in
concentration 13 nizhly gnticely. Tnis may be confirmed by Shhump-

er's 2a experiments in which sampl23 of foam and the bulk of the

_water were tagen stmilsanenusly. These experiments revenled 2

)
o
bt |

sharp jifrerence {a the -x141zabilivy of the two sampl2s and,
pracﬁical purp se3, an apsuluse 1dent 'ty In tvelr salt content.,

No differencs was revealed {n the estenv 2f drco entrainmént
by the 11qaid ae determined from %he heat content of the wet vapor
(by throttling) cr from “he ey ficient of salt 12835 ©°F in L. S.

Sterman's exper!im:n.s 1¢ the ccmparison was made in the range of en-

trainment coeffizlents whizn can oe measured accurately enouzh by
throttlinz.

Experiments by a aunber of {nvestigators reveal2d discrepancies
petween the results of calorimetric jetermination -f tne lijula
fraction in the vap.r and _f 18 meagaremant tn terms -7 tne gref-
rietent of 3als 133, Tals jiacrapancy was recorded conly at low

en-ralnmen< coefriclents whavre ealcrimetric jeterminations are

unreliabl2.
Uadoubtedly, there were jlgsrepancies snly ia <hose cases where

the trager sub.-tance eruld transfer into the high-pressdre vap:r, du2
1]
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to the tracer g-1abtlity in the vapor, Lo an extent comirnsurase with
the drop entrainment eoelficlanut, Tnerelore, in experliments with
hizh-pressur? ateam it 19 breferable to use 3ubstances whose ¢o-
efficlent of distribution hetween ateam and water (the ravio of
solubility in steam t- snlubility in water) 1s known %O pe mich less
than the aoefficlant of mechanleal entrzinment under the experimen-
tal conditions, Most sultadble in such cases are 3~dium sulfate or
phosphate, wh232 i13trisution crefficlant even A% p = 130 aum. e;cess
--1.e., at almyst 0.8 gcr--still remains below 1972,

When u3ing the tndirect methol sor mzasuriag the entralnnent
coefflclant, we mish ensure thas a2 rellable m2asuremant 1s mad2 of'
the tracer coneentration 1n tne 1iquid through whicn tne Z3as (vapor)
bubble, andi that this ¢oncentrasion remains conssant in the entlnre
bubbling layz:r.

Tnerefcre, 1t 15 Jesiranle to aveld introdazing additional pure
113uld, and t2 preven’ dripping of coniensate from %he walls, into
the zone Of vapoT (gn3) separasi-n from the 11juii,

If the wet vapor were to remain in the colimn sor a very lon3
period of tim: (small vipor vyeloelties and grzal coclamn hei;hts), it
woull 2e possinle larzely o0 prevent the fine 1iquildi drops on t12
wall of the ve;sel from evaporasing and ¢ondensing on che larger dreps.

Evap.ratlcn Af fine ircps due to the inereasal survatur? of tne
drop surfaces 1s wetanled oy supercooling the vapor stream which
ceaurs in the stalnity of these dreops. Superc:ol2d vapar ¢oni2n3es
on the suriages > low survazur: (the ::luaa w1lls ani tne 3arface
of large drops). However, when %he wet vapov pemalns in the Vipor
space of the apparatus for 1:ng periods of tim2, a anit OF volume

will e ntain vary faw 3mall ircps and, £:pr practleal purp.sssd, thers

ro
w
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will be no large drops. - Therefore, distillation will procced very
slowly and apparently cannot noticeably affect the total fraction of
salt in the vapor. | ‘

} In the range of small entrainment coefficients the chemical
“*;;:rods for determining entrainment tracer concentration in the con-
densate sampie are Lot as a rule sufficiently sensitive.

The measuremert accuracy can pe raised by means of some methpd
of sample concentration; however, such methbds are very cumbersome:
they require a great deal of time and great quantities of c°ndgpg§§9_v
(hundreds of 1iters).

The use of radioactive {sotopes a3 tracers is incomparably more
convenient, since the exceptional sensitivity of this method permits
determination of extremely low entrainment coefficients (10'5'to 10'6
and below) without using methods of sample enrichment. The éx-
ceptional gelectivity of this method 1s also very important, per-
mitting avoidance of errors, due to accidental contamination of the
sample, that arise easily whan other methods are used,

The use of radioactlve {sotopes also greatly facilitates the
correction of errors connected with absorption of the tracer by the
conduit walls, vessel walls, etc., A very effective method in this
case involves the addition of a nonradioactive sample of the same
salt in quantities many times exceeding the antieipated fraction of
tpecer in the sample.

. The technique of applying the radioactive-isotope vpacer method.
has been described frequently In the literature; consequently only

certain features are mentioned here in applying the tracer method to

the given problem.
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10-2., Investigation of the Hydrodynamics of Two-Phase Layers

The main purpcse of the investigation has usually béen to de-
termine the dependence of the specific gravily ( v m) cf the mix-
ture and of the level swelling (which is uniquely related to 1t) on
the gra-:imetric le:2l, on the flow rate of the light phase, and on
the properties <{ poth substances,

Until recently, these studles were conducted by measuring the
two quantitles: the gravimetric level ngrav and'the true leval of
the mixture Em'

The measurement cof the gravimetric level can be accomplished
comparatively easlly by means -f a water gauge or some aeeennantinl
mancmeter of .ne type or ancther, Depending on the pesition of the
pressure t1ps (Fiz. 10-5), the measurement may yleld either the
total welght of mixture above the level of the perforated plate (2),
or the averrcse welght cf the column of -!xture between the two taps
(9). In the latter case, by using a series of differentlal mano-
meters, the variaticn of Tm with helght can also be measured, but
only in the range of height segments which are definitely within
the bounds cf the dynamic twc-phase layer,

Another meth:od may be the use of a mcvable pressure tap, which
permits plotting a curve of pressure distribution from tcp to bottom,
when a movable tube is inserted from the oD (insertion from the
bottom is generally very Jifficult), the pressure measurement can
be ecnducted Ly blowing a certalin amount of gas 1nto the two-phuse

layer (Fiz, 10-tv). In this case, the zas flow rate is reduced

n
(9 9]
fa
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‘to such a_small quantity that
4the pressure losses can be
neglected along the gxzs condult
from the point where pressure is
measured to the point where gas
1s injected into the two-phase

lzyer.

Measurement of the true ﬁix-
Pieure 10-5. Disgram shovs ture level 1s more complicated.
ing pressure tap positions. At low pressures, visual determin-
ation of the layer helght 1s often used; at hich pressures and temp-
eratures this 15 ulso possible, but the design of sight glasses for
visual obscrvation become: more -omple:.

In the cage of a free level,
visu:l observution 1is pot accurste
enoush, even by use of objectilve
methods of reading (photogrophs
o1 motion pictures), espeially
ut considerable light-phase ref-
“erence velocities.

. LS
With an increase 1in lg the

disturbances on the surfiace of the

two-phuse layer increusc st ~.-ly,
Figure 10-t . Di:prun of

pressure neisurement when so that only in relative terms
a certain amount of gas 1s

blown into the two-phise can we spesk of 2 "pline” sep-
layer.

arating the vupor-phise layer.
Overflow was used in a2 serles

of investigations; 1.c¢., the heiyht of the two-phise layer wzs limit-
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ed by means of the continuous overflow of a small quantity of the
1iquid through an overflovw tube (Fig. 10-7), compensated for by a
_continuous feeding of the corresponding quantity of liquid into the
bubble column from the outside.

This method leads to certain
inaccuracies as well, due to vari-
ations in the level, since in this
case the overflow-tube orifice
1y alternately flooded and exi-
posed. The 1iquid flow rate |

through the overflow iube then

vartes from maximum to zero.
Figure 10-7. Diagram of If the liquid ilveu w2:1€ 8O
1iquid overflow.
regulated us to ensure a minimun
steady overf'low, then the level
of the overflow tube would correspond approcimately to the level of
the deepest troughs between the waves. When the feed 1s adjusted to
give the minimum.chrage overilow, then the level of the overflow
tube will correspond approximately to the level of the highest crests
of the waves.
The best picture 1is provided by direct measurement of n by
v -or # -ray ridioscopy of the column, the density of the medium
beings determined from the amount of radiation absorbed iu the rolumn.
A device (Fig. 10-8) used for this purpose consists of two
lead cylinders placed on both sides of the object to undergo radio-
scopy. Inside of thcné cylinders are, respectively, the source :nd
detector of rudlation. The cylinders have openings, small in di-
ameter (5 to 15 mm), for passuge of = beam of rays lo.:ated strlotly
. :
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Figure 10-8, Dlagram shewing arrangemens

of ¥ -ray emltter and counter for radic-

scopy.
on one axis. A qelger-Miller tube 1s generally used as the detector
of raalatinn, and is ccnnectel with 2 counting jevice or an osclllc-
graph clreult f'r ¢ .unting “he number of pulses.

1t i3 puscible by such a method to measure densitles averaged
over iime ani boam lensth thr-ughcut the entire vclume of the dj-
namic two-phase layer, Ccnsequently, 1t I8 possible to measure net
only the diztribyti.n (f v  alcng the depth of the layer but also,
for example, to measure the chanzse Iin Tm along the steam-bcller drum,
to contr.l the steady per?. rmance cf the per:.rated olate, etc.

If we sclect 2 surficléntly Lizh intenslty cf the radiation
source and, Instead of the delger-Miller tube use a deviee ;1irs
not the record .f the number sf readings but, directly. ine inten-
sity °f transmitted railat!.n (number .f ¥ -3aanta peér unit time),
then we can rec.rd als. the vnrlati:ﬁ of L with time, It should te
taken into account, however, +nat in this case only the varlation
of the average intensity aleng <he crcss section and acclrding to
beam lensth w!ill te meazured. Moreover, 1t is necessary to aceount

sop the fluctuatlins o the source loselfl,
1
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Figure 10-9. Drawinr of device for v -ruy
radios opy of tubc. (1) leud casings; (2)
counter; (-) nmpule with rudloz:tive preparz-
tion.

when measuring: thc distribution of "n along the cross section
normil to the axls of the ray, we must shift the source and the de-
te tor in two directions. At the same time 1t is very important
to mainfain the coaxlial position of the openings in both protective
cylinders. To do this, sufficlent accuracy of the shirting mech-
anism und rigidity of its constructlon :ure required.

Figure 10-9 s'ows a driving of the installation, and Fig. 10-10
shows un over-111 view of 1it. The movement of the installation is
completely automatic wnd is controlled trom : panel (Fig. 10-11).
The heipght to which the rrume -arrying the sourve und the detector is
raised 13 re-orded throush contast :ssemblies by meuns of sirnzling

devices,

47
17
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Fijure 10-10. Over--.11 viaw of the inst:llution.

The neiworw Jor the .ontrol p.nel :nd the signaling arstenm is
showﬁ in M. lo-1. snd the hoowup oi’ the instrusents s shovwn in
Fig. 10-1-.

generally, the pressure drop with -hunge in flow rute of the
11;-ht phase v mensured with . Pitot tube on i Y-tube munometer, but
tn addition, pressule cwn be e corded by oon os+1llosvaph circult. a
manometer with o s cntenl transdu e dectisned o reluy rressure
pulses to :n o +11lommph . be uged oo pleut.

Bendiny ol the manoicter springs chusy shungses the (mochgnical)
vesistin-e of the devi e, Thte resistanee I8 resistered on i ID-.
agtrain mauge whove output o conne rted to The meusurings os r11losrurh

Areult (the resut Sines deviseV, Berove recovdlins osrillomnms, the
1}
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Fiyure 10-11. Control pu:nel.

sountime rte erf ¥ -tube 1s detemnined.

when mezsuring with rounters,
1t 1s ner-essury to concider 2o
seples of Inotors influencing “he
results of the mezsurements, and
o tntrodure orre-tions. Here
qve cever.l of tue most import:nt
ovvections: (+) error due to
o1y -tstion of the number of

nuises in . riven time intervul;

(b) error in the vulse count due
to vesolvins time; (o) buok-
pround correction; snd (d) rervo-

ducibility of Jounter. Wors

¥1ure lo-1.. Clroutt with counters 1s des:ribed in
din ol ~ontrol pinel
ind the stpnulinge devices. crecter detull in the literuture.
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Here we will merely dwell on the

fact that the background during

measurements, which 1s the sum of
the natural and the specimen back-
grounds, should be minimized as far

ag possible. The magnituds of the

apecimen background should be

brought close to the magnitude.or
Figure 10-13. Schematic the natural background; this can be
hoolup of {nstruments.
schieved by a device specially
designed to reduce the scattering
of v -rays as they leave the main
conduit und as the; are tpunsmitted to the counter.

Prior to conducting measurements for determining the density of
the two-phase layer, 1t 1s necessary to determine the ¥ -ray absorption
coefficients of the components of the two-phase stream under study.

The ¥ -ray ( 0060 ) bsorption coefficlents rér water, mercury,
and carbon tetrnéﬁloride have the following values:

p of mercury = 0.84 cm'l; 8 of water = 0.0C cm'l;
# of CC1, = 0.095 em™L.
when the beum 1s transmitted throuch o column filled with light

phase, the number of counts per minute recorded by the counter will

be determined by the formul:
o —m=Ce”; (20-1)

here g" 18 the number of counts per minute as the benm is transnitted

through the light phase;
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n, 1a the count r bLucka:r ani,

p" 1s tre Y -ray absorptlon ccefficlent . ¢ the 1light phase;

x is the thickn2ss of the irradiated layer;

C 1s some constant taking intp account the radiation inten-
sity, the efficiency of the counter, cross-sectional area of the
outlet channel in i»e counter casing, and the distunce between the
emitter and the counter,

when a beam 1s transmitted through a column fillled with heavy

phase,

’ 0 o
a—a =G ' {10-2)

Where n' 1s the numoer :f ccunts per minute as the beam is transmitted
through the heavy phase;

g'b ig the background . of counter;

# ' §s tie Y-ray abscrpticn ccefficlent of the heavy phase,

when the beam !s transmitted thr.ugh the mixture,

8.—a. =Ce; (10-3)

here, n, {s the number cf ¢.unts per minite as the beam is transmicted
L ]

throuch the mixture;

n m i{s the baeckziround of counter;

b,
[ ] m is the v -ray absorptior ccefficlent of the mixture,

The magnttude of s, can be determined frcm the formula
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po =p’y + 9 (1—0). (10-4)

1.
Let us divide Fquation (10-3) by Equatlon (10-2):
(10-5)
e e R L
[ ] -.. ]
. ta o —a,
& —he e e L el ™
.a-.; .l-'l .
In dividing Equation (10-:) by Ejuation (10-1) we get:
Ve (10-6)
'_'- 4 8, =8y,
-
Cal

Radioactive ‘*sotopes ure used a2s 2 source of ¥ -ray radiation;
most of'ten the radiouctive {sotope of cobalt, 0060,' is used, which
has a long half-1ife (~ 5 years) and produces hard v -radiation,
adequate even vhen a bubbler with thick metal walls (steel walls
up to 100 mm and more) 1s used.

In bubblers of small cross section, or when tests ure con-
ducted in the »inge of low miiture densities, 1t is desirable to
ehange to 1sotopes which give a radistion with s high uttenuation
fiotor -- soft ¥ -radiation o even # -radiation of high intensity.
with small boundin;-wn1l thickness, this does not present
any difficulties. with considerable wall thi-xmness. the use of

4~

weuskly penetrating w.diztion is :1so possible 1f at the points of
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meusurement the wail hes o conduii of small diameter (1 v 2 mm)
geparated from the ravity (wh!~h 1s under hlgh pressure) by a thin
layer of metul.

The thickness of this layer, when the channel diameter is small,
can be decreased to 23 lcw as 0.05 to 0.1 mm, even at high steam
pressures (100 to «00 atm. abs.). At very high fractions of gas
(measurements in the ringe of a system of "drops in gas"), one should
consider the error introduced by the 114uid layer trickling dovn éhe
wall. In a2 number of ~ases this error cun be reduced by covering
the wall with a hydrophobic f1lm. It 1i: also possible to conduct
"control” ezperiments, in whick both the gas 1. the space and the
layer of 1iquid on the wall would remain, but in which the drops in

the stream would be eliminated.
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